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1. Abstract 

  3 
Inflammation is a normal physiological host defense mechanism and an essential component of immunity. Nevertheless, a state of low-grade inflammation has been recognized as a pathological feature of a wide range of chronic conditions including obesity, metabolic syndrome, diabetes, and cardiovascular disease, and as playing a role in the early-stage pathophysiology of these conditions. However, the issue of causality and the degree to which inflammation contributes as a risk factor to the development of disease remain unclear.  Considering that the evidence suggests that many foods, nutrients, and other food components may modulate inflammation, the aims of this thesis were to study the associations between low-grade inflammation and several variables related to dietary and nutritional intakes, specifically, the consumption of several nutrients (fatty acids), fruits (including variety), vegetables (including variety and vegetable soup), and a dietary inflammatory index (DII) score in adolescents. We conducted a cross-sectional study based on baseline data collected in 2011 from the LabMed and Physical Activity Study with a sample of 412 adolescents (14.9±1.72 years old), over half of them girls (52.4%). We evaluated low-grade inflammation measuring inflammatory biomarkers and dietary and nutritional intakes using a food-frequency questionnaire (FFQ), moderate-to-vigorous physical activity, and sedentary time using accelerometers, and body mass index using anthropometric measurements. Pubertal development, socioeconomic status, and smoking habits were self-reported. Inflammatory biomarkers were measured in blood samples. The blood samples were collected under fasting conditions, refrigerated, and sent to a laboratory to determine C-reactive protein (CRP), interleukin 6 (IL-6), and complement components 3 (C3) and 4 (C4). We created categories of lower or higher (inflammatory state) for each biomarker, considering sex- and age-adjusted median values. An overall inflammatory biomarker score was designated by adding the inflammatory biomarkers in the categories; each category was assigned one point if the biomarker was above the sex- and age-adjusted median values or zero if it was below the median. The overall inflammatory biomarker score computed was classified as 0–1 or 2–4 biomarkers above the median (lower or higher inflammatory state). 
  4 
Dietary and nutritional intakes were estimated using an FFQ and the nutritional analysis software Food Processor Plus. In each manuscript, we considered dietary and nutritional intake variables differently. In paper I, dietary fatty acids were measured as a percentage of total energy intake (%en) and categorized into tertiles. In paper II, we considered the consumption of fruits, vegetables, and vegetable soup in daily portions, and we created categories	   of	   <3	   or	   ≥3	  portions/day for fruits and for vegetables and <2	   or	   ≥2	   portions/day	   for	  vegetable soup. We assessed adherence	   to	   the	   “5-a-day”	   recommendation	   (a public health message to encourage individuals to consume five or more daily servings of fruits and vegetables), totaling the number of portions of fruits, vegetables, and vegetable soup, and creating categories of <1, 1–5,	   or	   ≥5	  portions/day. In paper III, the consumption of a variety of fruits and vegetables was assessed considering the number of FFQ items of fruit or vegetable intake (items are individual and combined fruits or vegetables) “at least once a month” in categories/month, and the data were categorized into tertiles. In paper IV, the DII score was calculated based on 31 food parameters and categorized into tertiles. Odds ratios (OR), 95% confidence intervals (95% CI), and p values for trend (ptrend) were calculated from binary logistic regression, adjusted for confounders, in order to estimate the magnitude of association between inflammatory biomarkers and the overall inflammatory biomarker score, as independent variables, and dietary and nutritional intake variables, as dependent variables. In all papers, confounders considered were sex, age, moderate-to-vigorous physical activity, sedentary time, body mass index, pubertal development, socioeconomic status, and smoking habits as well as total energy intake in papers II, III, and IV. In paper I, we showed that adolescents with a higher consumption of saturated fatty acids (SFA) (≥11.1%en) compared to a lower consumption (≤9.7%en) had higher odds of having a higher level of IL-6 (OR=2.16, 95%IC: 1.02–4.56, ptrend=0.051) and a higher overall inflammatory biomarker score (OR=2.51, 95% IC: 1.20–5.27, ptrend=0.015). In addition, adolescents with a higher intake of	   α-
linolenic	   acid	   (ALA)	   (≥0.50%en)	   and	   eicosapentaenoic	   plus	   docosahexaenoic	  acids (EPA+DHA) (≥0.22%en), when compared to adolescents with lower intake 
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(≤0.42%en	   and	   ≤0.12%en,	   respectively), had lower odds of having a higher overall inflammatory biomarker score (OR=0.49, 95% CI: 0.26-0.95, ptrend=0.047, and OR=0.46, 95% CI: 0.23–0.93, ptrend=0.025, respectively).  In paper II, we found that adolescents who consumed <2 portions/day of vegetable soup had higher odds of having a higher level of IL-6 (OR=12.95, 95% CI: 1.63–102.84, p<0.05) than adolescents who consumed ≥2	   portions/day.	   In addition, adolescents with an intake of <1 portion/day, when compared to ≥5	  portions/day of fruits and vegetables (5-a-day recommendation adherence), showed high odds of having a higher level of CRP (OR=5.24, 95% CI: 1.62–16.97, ptrend=0.005), IL-6 (OR=5.36, 95% CI: 1.64–17.53, ptrend=0.008), and C4 (OR=3.39, 95% CI: 1.12–10.28, ptrend=0.016) and a higher overall inflammatory biomarker score (OR=8.14, 95% CI: 2.44–27.18, ptrend<0.001). In paper III, we showed that adolescents with a higher variety of vegetable 
consumption	  (≥13 categories/month) had lower odds of having a higher level of CRP (OR=0.31, 95% CI: 0.15–0.64, ptrend=0.004) compared to adolescents with lower-variety	   consumption	   (≤6 categories/month), independent of quantity of vegetable intake.  In paper IV, we found that adolescents classified in the third tertile of the DII score (high inflammatory-diet properties) compared to those in the first tertile (low inflammatory-diet properties) had higher odds of having a higher level of IL-6 (in all models: crude model, OR=1.88, 95% CI: 1.09–3.24, ptrend=0.011; after adjustment for sex, OR=1.84, 95% CI: 1.06–3.18, ptrend=0.015, and in the fully adjusted model, OR=3.38, 95% CI: 1.24–9.20, ptrend=0.023). In addition, adolescents with a higher DII score (third tertile) compared to those in the first tertile had higher odds of having a higher level of C4 (0R=3.12, 95% CI: 1.21–8.10, ptrend=0.016) and a higher overall inflammatory biomarker score (OR=5.61, 95% CI: 2.00–15.78, ptrend=0.002) in the fully adjusted model. In summary, low-grade inflammation was positively associated with the intake of SFA and negatively associated with intakes of ALA, EPA+DHA, vegetable soup, 5-a-day recommendation adherence, vegetable variety, and an anti-inflammatory dietary pattern. 
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The findings of this thesis support the recommendations for adolescents to limit SFA intake and to increase n-3 polyunsaturated fatty-acid intake, especially ALA, EPA, and DHA, and the consumption of two portions/day of vegetable soup, adherence to the 5-a-day recommendation, and eating a variety of vegetables. Furthermore, the DII can be a useful tool to assess a diet’s	   inflammatory	  potential for adolescents and its association with low-grade inflammation.  
  
2. Resumo 
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A inflamação é um processo fisiológico normal de defesa do organismo e um componente essencial da imunidade. Contudo, a inflamação de baixo grau tem sido reconhecida com uma característica patológica de uma série de condições crónicas como a obesidade, a síndrome metabólica, a diabetes e as doenças cardiovasculares, e como tendo um papel na fisiopatologia destas condições em estádios mais precoces. No entanto, a questão relativa à causalidade e ao grau em que a inflamação contribui como um fator de risco de desenvolvimento de doenças ainda não são claros. Considerando que a evidência sugere que muitos alimentos, nutrientes e outros componentes alimentares podem modular a inflamação, os objetivos considerados para esta tese foram estudar a associação entre a inflamação de baixo grau e diversas variáveis relacionadas com a ingestão alimentar e nutricional, nomeadamente o consumo de alguns nutrientes (ácidos gordos), de frutas (incluindo a variedade) e de hortícolas (incluindo a variedade e a sopa), bem como a pontuação de um índice inflamatório da alimentação (foi utilizado o DII – dietary inflammatory index), em adolescentes. Realizou-se um estudo transversal, com base nos dados do 1º ano do LabMed 
and Physical Activity Study, recolhidos em 2011, numa amostra de 412 adolescentes (idade média de 14.9±1.72 anos), em que a maioria eram raparigas (52.4%). Avaliou-se a inflamação de baixo grau através da medição de bio-marcadores da inflamação, a ingestão dietética e nutricional através de um questionário de frequência alimentar (FFQ – food-frequency questionnaire), a atividade física moderada a vigorosa e tempo de atividade sedentária através da acelerometria e o índice de massa corporal através de medições antropométricas; o desenvolvimento pubertal, o estatuto socioeconómico e os hábitos tabágicos foram auto-relatados. Os bio-marcadores da inflamação foram medidos em amostras de sangue. As amostras foram colhidas, estando os adolescentes em jejum, refrigeradas e enviadas a um laboratório para determinação dos seguintes: proteína C reativa (CRP – C-reactive protein), interleucina-6 (IL-6), componentes do complemento 3 (C3) e 4 (C4). Foram criadas categorias de baixo ou alto (estado inflamatório) para cada um dos bio-marcadores da inflamação, considerando os valores da 
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mediana ajustados para o sexo e a idade. Uma pontuação global dos bio-marcadores da inflamação foi definida através da soma dos bio-marcadores da inflamação em categorias, em que se atribuiu um ponto por bio-marcador para os indivíduos que tinham valores acima da mediana ajustada ao sexo e idade, ou zero para os que tinham valores abaixo. A pontuação global dos bio-marcadores da inflamação calculada foi classificada em 0–1 ou 2–4 bio-marcadores altos ou acima da mediana. A ingestão alimentar e nutricional foi estimada através do FFQ e do software de análise nutricional Food Processor Plus. As variáveis relacionadas com a ingestão alimentar e nutricional foram definidas de forma diferente em cada manuscrito. No artigo I, o consumo de ácidos gordos foi calculado em percentagem do valor de ingestão energética total (%en) e categorizado de acordo com os respectivos tercis. No artigo II, os consumos de fruta, hortícolas e sopa de hortícolas foram avaliados em porções diárias e categorizados em <3 ou ≥3	  porções/dia para as frutas e para os hortícolas, bem como em <2 ou ≥2	  porções/dia para a sopa de hortícolas. Avaliou-se a adesão à recomendação “5-a-day” (mensagem de saúde pública para incentivar o consumo de pelo menos 5 porções diárias de produtos hortofrutícolas conhecida	   em	   Portugal	   por	   “5	   ao	   dia”)	   através da soma do número de porções diárias consumidas de fruta, hortícolas e sopa, e seguidamente criadas categorias de <1, 1–5 ou ≥5	  porções/dia. No artigo III, a ingestão de uma determinada variedade de frutas e de hortícolas foi calculada considerando o número itens do FFQ de frutas ou hortícolas consumidos (os itens consideram frutas e hortícolas individualmente ou combinados) “pelo menos uma vez por mês” em categorias/mês, e de seguida categorizada de acordo com os respectivos tercis. No artigo IV, a pontuação do DII foi calculada com base em 31 parâmetros alimentares ou nutricionais e categorizada de acordo com os respectivos tercis. Os odds ratios (OR), os intervalos de confiança a 95% (IC95%) e os valores de p para a tendência (ptrend) foram calculados através de regressão logística binária, ajustada para variáveis confundidoras, para estimar a magnitude da associação entre os bio-marcadores da inflamação e a pontuação global dos bio-marcadores da inflamação, como variáveis dependentes, e a ingestão alimentar e nutricional, 
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como variáveis independentes. As variáveis confundidoras consideradas foram sexo, idade, atividade física moderada a vigorosa, tempo de atividade sedentária, índice de massa corporal, desenvolvimento pubertal, estatuto socioeconómico e hábitos tabágicos, para todos os artigos, bem como ainda o consumo total de energia, para os artigos II ao IV. No artigo I, observou-se que os adolescentes com um maior consumo de ácidos gordos saturados (≥11,1 %en), quando comparado com um menor consumo (≤9,7 %en), tiveram maior probabilidade de ter maior nível de IL-6 (OR=2,16; IC95%=1,02-4,56; ptrend=0,051), e maior pontuação global dos bio-marcadores da inflamação (OR=2,51; IC95%=1,20-5,27; ptrend=0,051). Além disso, os adolescentes que apresentaram um elevado consumo do ácido α-linolénico 
(ALA)	   (≥0,50 %en) e dos ácidos eicosapentaenóico e docosahexaenóico (EPA+DHA) (≥0,22 %en), quando comparados com aqueles que tiveram um consumo mais baixo (≤0,42 %en e ≤0,12 %en, respetivamente), tiveram uma menor probabilidade de ter uma pontuação global dos bio-marcadores mais elevada (OR=0,49; IC95%=0,26-0,95; ptrend=0,047 e OR=0,46; IC95%=0,23-0,93; ptrend=0,025, respetivamente).  No artigo II, mostrou-se que os adolescentes com um consumo de sopa de hortícolas <2 porções/dia tiveram uma maior probabilidade de ter um elevado nível de IL-6 (OR=12,95; IC95%=1,63-102,84; p<0,05) quando comparado com um consumo ≥2	  porções/dia. Além disso, os adolescentes que apresentaram uma ingestão de frutas e hortícolas <1 porção/dia, quando comparada com ≥5	  porções/dia (adesão à recomendação 5-a-day), tiveram uma maior probabilidade de ter um elevado nível de CRP (OR=5,24; IC95%=1,62-16,97; ptrend=0,005), IL-6 (OR=5,36; IC95%=1,64-17,53; ptrend=0,008), C4 (OR=3,39; IC95%=1,12-10,28; ptrend=0,016), e uma maior pontuação global dos bio-marcadores da inflamação (OR=8,14; IC95%=2,44-27,18; ptrend<0,001). No artigo III, verificou-se que os adolescentes que tiveram uma maior variedade no consumo de produtos hortícolas (≥13 categorias/mês) apresentaram uma menor probabilidade de ter um elevado nível de CRP (OR=0,31; IC95%=0,15-0,64; ptrend=0,004), quando comparados com os adolescentes com uma menor 
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variedade no consumo (≤6 categorias/mês), independente da quantidade de hortícolas consumida. No artigo IV, encontrou-se que os adolescentes classificados no terceiro tercil para a pontuação do DII (maior intensidade inflamatória da alimentação), quando comparados com o primeiro tercil (menor intensidade inflamatória da alimentação), tiveram uma maior probabilidade de terem um elevado nível de IL-6 (para todos os modelos: modelo não ajustado, OR=1,88; IC95%=1,09-3,24; ptrend=0,011; depois do ajuste para o sexo, OR=1,84; IC95%=1,06-3,18; ptrend=0,015; bem como para o modelo ajustado para todos confundidores, OR=3,38; IC95%=1,24-9,20; ptrend=0,023). Ainda, os adolescentes que apresentaram uma pontuação mais elevada do DII (terceiro tercil) tiveram uma maior probabilidade de ter níveis elevados de C4 (0R=3,12; IC95%=1,21-8,10; ptrend=0,016) e uma maior pontuação global dos bio-marcadores da inflamação (OR=5,61; IC95%=2,00-15,78, ptrend=0,002), nos modelos ajustados para todos os  confundidores. Em suma, a inflamação de baixo grau foi associada positivamente com a ingestão de ácidos gordos saturados e negativamente com a ingestão de ALA, de EPA+DHA, de sopa de hortícola, de maior variedade de hortícolas, e com um padrão alimentar considerado pró-inflamatório. Os resultados desta tese suportam as recomendações para os adolescentes de limitar o consumo de ácidos gordos saturados e promover o consumo de ácidos gordos polinsaturados da série n-3, especialmente o ALA, o EPA e o DHA, bem como diariamente consumir duas porções de sopa de hortícolas, aderir à recomendação 5-a-day, e consumir uma variedade de hortícolas. Além disso, o DII pode ser uma ferramenta útil para avaliar o potencial inflamatório da alimentação dos adolescentes, bem como para avaliar a sua associação com bio-marcadores da inflamação.  
  
3. List of abbreviations   
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4.1. Nutrition in Adolescence 
Adolescence is a transition phase from childhood to adulthood; it is a period of life cycle when great brain maturation and physical growth occur, and it is characterized by physical, psychological, and emotional changes.(1) Although most adolescents enjoy better health than most other age groups,(2, 3) all of these changes have a direct effect on the nutrients needs and food consumption.(4) The nutritional and dietary intake of adolescents is not only determinant of adolescent growth and development, but they also predict nutrition and health in later life, with high implications for public health.(3) Dietary habits and preferences developed during childhood may be maintained into adulthood.(5) Equally, food intake in adolescence is a predictor of intake in adulthood.(6) So, adolescents have the last opportunity to acquire healthy eating habits that will last into adulthood.  The following topics will be described: a brief overview of the growth and development processes that occurs during adolescence, considering some important factors for adolescent health; the nutritional and dietary needs of adolescents for achieving optimal growth and development; and finally, the eating habits of adolescents, with a special focus on Portuguese individuals to understand whether they comply with the nutritional and dietary recommendations. 
4.1.1. Growth, development, and health The World Health Organization (WHO) defines adolescence as a period of life when people are between 10 and 19 years of age. However, other terms like child, youth, and young people can have definitions that include all or some adolescents. The Convention on the Rights of the Child (1969) defined a child as someone under the age of 18 years; youth refers to those who are between 15 and 24 years old; and young people includes both adolescents and youths together, that is, people between 10 and 24 years old.(1-3) Yet, adolescence can be divided into early (10–13 years), middle (14–16 years) and late (17–19 years) adolescence;(3) or simply early (10–14 years) and late (15–19 years) adolescence.(2)  
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4.1.1.1. Health issues Adolescence is considered the period of life where people enjoy better health, and have low mortality rate in most of countries.(2) In 2013, the leading causes of death were road injuries, both among adolescents around the world and in Portugal.(7) The mortality rate in Portuguese adolescents is one of the lowest among all age groups, being just greater than children between 1 to 9 years (Figure 1).(8) So why study adolescents in the context of health?  
 
Figure 1: Mortality rate per thousand by age group, Portugal, 2013-2015 Source: Graphic developed based in data from Instituto Nacional de Estatística, Portugal.(8)  A single mortality rate may be underestimating the potential importance of the contribution of adolescent health to overall public health. For example, the prevention of an initiation of a smoking habit, which typically occurs during adolescence, could substantially reduce the burden on future health and health systems.(9) In addition, during adolescence, individuals have best opportunity to improve their own health capital, which normally reaches its peak at this stage of life. Health capital is a kind of health resource and is determinant of health throughout the lifecycle. For example, physical fitness and bone mineral density reach their peak around the age of 20 and they are predictive of cardiovascular disease and osteoporosis, respectively, in later life.(2) So, a health pattern of diet and physical activity during adolescence remains very important to improving health capital and preventing chronic diseases. Furthermore, the lifestyles of adolescents, including diet, physical activity, and overweight, may significantly 
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impact on causes and prevention of a state of low-grade inflammation, that play a role in the promotion and progression of chronic disease.(10) It is also important to recognize that the adolescents of today are the parents of tomorrow, and their health capital will be very determinant of the health for their children, in early life.(2) The health of offspring is dependent on maternal health like obesity and on health-related behaviors like alcohol consumption, and they will affect the health of their babies.(11) Early life origins of low-grade inflammation is already recognized, once babies with lower birth weight have higher probability of have low-grade inflammation during childhood and adolescence.(12) Also, impaired fetal growth, of which the risk is increased in adolescent pregnancy, is a potent precursor of adult diabetes,(11) also very closely related with low grade inflammation.(13, 14) So, optimizing pre-natal growth becomes a key factor in human capital formation,(15) and early healthy eating patterns play a important role. Adequate nutrition during adolescence should be provided to supply all the nutrients necessary to achieve full growth and positively impact adult mortality and morbidity,(15) including the prevention of disease closely related with low-grade inflammation, such as obesity, diabetes, cardiovascular disease, and stroke.(13, 14, 16-18) Also, adolescents have an opportunity to rectify problems that started in childhood.(3) For example, overweight and obesity among children is a health problem recognized all over the world and closely connected with low-grade inflammation.(19-21) Although some countries showed that the prevalence of obesity may have stabilized(22) or slightly declined,(23) it still remains high.(22, 24) Among 7-year-old children in Portugal, the prevalence of overweight and obesity (according WHO cutoff points) is estimated to be 23.8% and 16.7% for boys, and 22.9% and 12.6% for girls, respectively.(25) In addition, when obesity starts in childhood, the probability of becoming obese in adulthood is higher,(26-28) along with an increased risk of being an adult with chronic diseases.(29-31) Finally, being in good health enable adolescents to deal with the challenges of growing.(32) So, adolescent morbidity and the assessment of diseases and conditions that develop during adolescence and have repercussions throughout life also become important.(3) The disability-adjusted life-years (DALYs), the 
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equivalent of years of full health lost, is a measure of overall burden of disease. As shown in a systematic analysis by Gore et al.,(9) while some health risk factors like alcohol intake at age 10 contributing to DALYs at an early age, other factors like overweight and obesity and other cardiovascular disease risks only begin to produce effects later in life. Despite a low mortality rate among adolescents, the prevalence of some chronic conditions is considered high: obesity(22, 24, 33) and consequently type 2 diabetes(34, 35) and cardiovascular disease risks.(36, 37) Though no significant changes were observed in the prevalence of overweight and obesity among Portuguese adolescents in the past decade, the prevalence remains high,(33) and was estimated to be between 13.4-28.6% and 3.2-13% for boys and between 8.8-25.6% and 0.6-5.8% for girls (according International Obesity Task cutoffs), respectively.(38) So, health during adolescence has an impact throughout life and it represents an opportunity to correct problems before they become more serious. Moreover, adolescent health has an essential impact on the health of the next generation. And finally, many adolescents today are overweight or obese, increasing the risk of type 2 diabetes and factors for cardiovascular diseases, with repercussions later in life. 
4.1.1.2. Sexual maturity Though age is a convenient way to define it, adolescence is a broad term that includes puberty, psychological, and social adaptation to the growth events of puberty. In reality, however, the biological changes of adolescence do not all begin at 10 years and stop at 20 years.(3) Indeed, chronological age cannot accurately predict the nutritional needs related to maturation state measures, due to the variability of ages in which the growth spurt may occur.(39) Importantly, puberty occurs during adolescence, so this period represents the time when adolescents acquire the ability to reproduce.(40) Endocrinal changes (gonadarche and andrenarche) also occur, including hormones that affect gonadal maturation and the production of gonadal sex steroids.(3) This is regulated by the hypothalamo-pituitary-gonadal axis and characterized by the 
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acquisition of secondary sexual characteristics.(40) Pubertal development can be ranked by the sexual maturity rating or Tanner stages, which identify charts based on secondary sex characteristics (e.g. the development of genitals for boys, breasts for girls, and pubic hair for both).(4, 39) The Tanner stage is assigned on a scale of 1 (prepubertal development) to 5 (complete development – adult).(4, 41) In addition, spermarche, or the onset of sperm production, occurs at approximately age 14 among boys; while the occurrence of menarche, or the onset of menstruation, occurs at approximately age 12.4 among girls.(42) 
4.1.1.3. Physical growth Pubertal maturation correlates remarkably well with physical growth and hormonal changes.(42) The physical growth include increases in height as well as changes in weight and body composition.(43)  
Height: Puberty starts in early adolescence, accompanied by rapid physical growth.(11) The linear growth spurt begins earlier in girls (on average in stage 2) than in boys (on average in Tanner stage 4).(42) During late adolescence, this growth is slowed for girls but continues for boys. At the end of adolescence, girls have their physical development completed, while boys complete themselves in young adulthood (20-24 years).(11) Height increases between 5-25 cm in most girls, and 10-30 cm in most boys. Adequate nutrition is very important in this period; once linear growth is delayed or slowed among adolescents who severely restrict their caloric intake,(42) they may not be able to achieve their full potential height.(43) 
Weight: Following linear growth, lateral growth or weight gain occurs. An overlap between height and weight growth is expected,(43) and the weight gain peak follows the linear growth spurt by 3-6 months in girls and by approximately three months in boys.(42) The weight gains vary widely among adolescents, because this is very sensitive to external factors, such as dietary intake and physical activity.(43) However, most healthy boys gain between 7-30 kg during puberty, while most healthy girls gains between 7-25 kg.(42) 
Body composition: Together with weight gains, changes in body composition are also observed during adolescence. Most healthy boys decrease their body fat 
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percentage while increasing lean body mass. Body composition changes more significantly among girls, such that they have a decrease of lean body mass percentage and an increase in body fat levels.(42, 43) Also, a great bone mass is accumulated during adolescence, where more than 90% of adult skeletal mass has been accrued.(42, 44) Considering those physical changes, the nutritional requirements increase considerably during puberty, and inadequate nutrition leaves the adolescent vulnerable to any deficit, imbalance, or excess, compromising the levels of health and disease prevention that can appear in adulthood.(45) Nutrition, including energy and specific nutrient intake, is considered a major determinant of growth. Under nutrition is the single most important cause of growth retardation worldwide(46) because there is an increase in the nutritional needs during this adolescent growth spurt.(47) On the other hand, caloric excess may favor a positive energy balance and excessive weight gain.(48) A nutrition imbalance, such high saturated fat and low unsaturated fat, can lead to dyslipidemia;(48) and inadequate micronutrients, like vitamin D and calcium, play a important role in skeletal health and the prevention of adult osteoporosis.(42) So, nutrition is important during this time to ensure optimal growth and help prevent chronic diseases during adolescence and in adulthood.(42) In addition to nutrition, adolescent physical activity has a valuable role during growth and development, with multiple benefits for physical health.(49) During puberty, physical activity may be especially important for optimal bone growth; active adolescents have greater bone mineral content and density than their less active peers. Active adolescents will have reduced osteoporosis-related fracture risk in later life by increasing bone mineral accrual during development; by enhancing bone strength; and by reducing the risk of falls as a result of improved muscle strength, flexibility, coordination, and balance.(49) Moderate physical activity promotes favorable changes in body composition.(46) Although regular physical activity has no established effect on linear growth rate or ultimate height,(49) it is inversely related to weight and body fat, and positively related with fat-free mass. Physical exercise can induce muscle hypertrophy and strength, and decrease the adipocyte hyperplasia by limiting hypertrophy. It is 
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known that the increases in the number of adipocytes during puberty are considered critical for enlargement of the adipose tissue organ and for the risk of obesity. Higher amounts of visceral adipose tissue are associated with greater risk of metabolic complications,(49) such as metabolic syndrome and cardiovascular disease, and also associated with increased low-grade inflammation in youth.(20, 50, 51) Physical activity is central to health, and its importance extends beyond its role in achieving energy balance to prevent and treat obesity and overweight. Adequate daily physical activity improves cardiovascular health; metabolic health; brain and mental health; and musculoskeletal health, benefits that recent research shows are gained across the life span.(49) Regular physical activity contributes to the primary and secondary prevention of several chronic diseases and is associated with a reduced risk of premature death.(52) Adolescents that experienced appropriate physical activity program will be inspired to engage in physical activity for a lifetime. So, physical activity has both immediate and long-term health benefits, because it reduces the morbidity risk in adolescence and can influences future morbidity.(49) Providing opportunities for adolescents to be physically active is important to ensuring adequate growth and development, and good health.  
4.1.1.4. Psychosocial changes In addition to the physical changes, adolescence is also characterized by psychological, cognitive, and emotional changes.(1) Adolescents develop a stronger recognition of their own personal identity; moral and ethical values; and a deeper perception of their feelings. The increased need for energy and nutrients among adolescents, combined with increased financial independence, increased need for autonomy when making food choices, and immature cognitive abilities, can place adolescents at nutritional risk.(42) During early adolescence, individuals become increasingly influenced by peer group and attracted to testing rules and limits, while during the late adolescence, they tend to distance themselves from theirs parents and have a heightened capacity for emotional regulation.(11) The peer influence is a dominant psychosocial issue during adolescence, especially in the early period, and the 
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desire to conform can influence food intake. Some individuals can tend to divide food into two groups: junk food and healthy food. Eating junk food is associated with being with friends, having fun, gaining weight, and guilt; whereas eating healthy foods is associated with family, family meals, and home life. Food choices can frequently be based on associations with feelings of being accepted and having fun with peers and adolescents may use food as a way to exert independence from families and parents.(42) Another worrying psychosocial issue is the trend to break rules and engage in impulsive behaviors. This trend, together with the increased importance of peer acceptance, may influence adolescents to initiate health-compromising behaviors such as smoking, consuming alcohol, using drugs, and engaging in sexual activities, especially during middle adolescence. Later, older adolescents with a strong personal identity are able to suppress impulsive behaviors, and are less affected by peer pressure and more by relationships with single individuals. In this stage, adolescents develop an ability to comprehend how current health behaviors affect long-term health status.(11) During adolescent growth and development, the social environment can influence health, and social disadvantages in adolescence are partly a determinant of health inequalities in adult life. Social inequalities in health are traditionally measured by examining differences in socioeconomic status.(32) An 
adolescent’s socioeconomic status can be assessed with the family affluence scale,(53) which was developed specifically to measure socioeconomic status in the context of the Health Behavior in School-Aged Children Study, ranking adolescents by their socio-economic status. Adolescents with high family affluence are more likely to have a higher self-rated health, life satisfaction, and lower probability of being overweight; they have better health behaviors like higher fruit intake, lower soft drink intake, increased likelihood of eating breakfast daily, higher moderate-to-vigorous physical activity, and low prevalence of watching two or more hours of television every weekday; they also have lower risk behaviors, like the onset of a smoking habit.(32) In addition, social disadvantage, specifically low parent education, is associated with increased inflammation in adolescence.(54-56) 
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So, adolescence is a critical period in determining adult health related behavior in which food habits, physical activity, and social environment are all crucial to health throughout life. 
4.1.2. Nutritional needs and dietary recommendations The nutritional needs of adolescents have been extensively reviewed in several publications.(57-63) A brief overview of some of the nutritional needs and dietary recommendations often highlighted in the literature will be described. Before adolescence, nutritional needs are similar for boys and girls. During puberty, however, sex-specific nutrient needs develop based on body composition differentiation and biological changes. The nutritional needs for both boys and girls increase in this period, parallel with the rate of growth and with the greatest demands during the growth spurt.(42) The United State dietary reference intake developed by the Food and Nutrition Board(57) describes the nutritional needs by sex and age range,(58, 59) including approximately early and late adolescence. However, this division by age should be interpreted cautiously when analyzing the reported nutritional requirements by dietary reference intake for adolescents,(47) since chronological age is not the same of pubertal age, as already described. So, pubertal maturation and anabolic state should also be considered to assess adolescent nutritional needs, being the nutritional needs higher during periods of intensive growth, such as the growth spurt.(42) 
Energy: The need for energy during adolescence is the average dietary energy intake predicted to maintain an energy balance in a healthy individual of a defined age, gender, height, weight, and level of physical activity consistent with good health, and includes the needs associated with the deposition of tissues, according to the Food and Nutrition Board.(59) The basal metabolism is associated with lean body mass, so boys have higher energy requirements than girls, since they experience greater increases in height, weight, and lean body mass.(42, 44) Some authors recommend the use of height, rather than weight, to calculate caloric requirements, due to the wide variability in the timing of growth and maturation among adolescents,(42) but it is difficult to be implemented. 
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Estimation of energy requirements are made considering a reference weight and height, depending on age and physical activity level, leading to the following range of values: 1.445-2.585 kcal/day for girls, and 1.576-3.804 kcal/day for boys.(59) 
Carbohydrates and dietary fiber: The primary role of carbohydrates is to offer energy, and a range of 45-65% of total daily calories is recommended, limited to a maximal intake of no more than 25% of total energy from added sugars, according to Food and Nutrition Board.(58, 59) However, according to the WHO, added sugars should be limited to no more than 10% of calories per day, with a further reduction to below 5% to prevent body weight gain.(64) These different considerations of different carbohydrates may impact the glycemic index and glycemic load, which measure the glycemic potential of food.(59) High glycemic index and glycemic load have been proposed to be associated with increased risk of chronic diseases,(65) and seem to have a role in low-grade inflammation.(66) There are no specific recommendations for ideal values of glycemic index and glycemic load developed for healthy people, due to the lack of epidemiological evidence linking glycemic index and glycemic load to heart disease, insulin sensitivity, type 2 diabetes, dyslipidemia, and obesity among healthy people.(65) Values of glycemic index and glycemic load are heavily influenced by extrinsic and intrinsic food related factors, such as dietary fiber, which is defined as non-digestible carbohydrates and lignin that are intrinsic and intact in plants, and plays a role in the prevention of several chronic conditions. Colon biota can digest some of dietary fiber and the energy yield of fibers in humans is still unclear, but the range is likely between 1.5 to 2.5 kcal/g. The dietary recommendation of dietary fiber is 14 g per 1.000 kcal, according to Food and Nutrition Board, based on the intake level observed to protect against coronary heart disease. So, adolescent girls should consume on average 26 g/day, while boys in early adolescence should consume 31 g/day and boys in late adolescence should consume 38 g/day.(59, 67) 
Fat and fatty acids: Fats represent another important source of energy. Dietary fat and essential fatty acids are necessary for the normal growth and development of adolescents,(42) and intake between 25-35% of calories should 
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be considered, according to the Food and Nutrition Board.(58, 59) The quality of fat consumption is equally important, since dietary fatty acid intake can impact the development of common diseases, such as cardiovascular disease(59, 68) and diabetes,(68) by the modulation of known and emerging risk factors, such as chronic low-grade inflammation.(69, 70) So the intake of trans fatty acids (TFA) and saturated fatty acids (SFA) should be as low as possible, according to the Food and Nutrition Board,(58, 59) and no more than 1% and 7-10% of calories per day, respectively, according to other organizations.(68) An intake of omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids (PUFA) between 5-10% and 0.6-1.2% of energy, respectively, is considered appropriate according to the Food and Nutrition Board.(58, 59) For n-6 PUFA is considered specially linoleic acid (LA), while for n-3 PUFA is considered especially α-linolenic acid (ALA). However, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), both n-3 PUFA, may provide beneficial health effects, greater than other n-3 PUFA, so approximately 0.06-0.12% of energy (according to the Food and Nutrition Board)(58, 59) or 250-500 mg/day of EPA and/or DHA (according to other organizations)(68) are recommended. 
Protein: The need for protein is more correlated with the growth spurt than with age, as is the case for the need for energy.(42, 47) The protein requirements of adolescents are influenced by the amount of protein required for maintenance of existing lean body mass and accrual of additional lean body mass. Reductions in linear growth, delays in sexual maturation, and reduced accumulation of lean body mass may be observed if protein intakes are consistently low.(42) It is unlikely, however, that adolescents in Europe and the United States are at risk of energy or protein deficiency.(42, 47) The dietary recommendation of protein is 0.95 g/kg of body weight per day in early adolescence, and 0.85 g/kg of body weight per day in late adolescence. 
Minerals and Vitamins: As energy and protein needs increase, adolescents also exhibit higher vitamin and mineral requirements than people in other periods of life. Minerals like calcium, iron, and zinc are particularly important for adolescents. Calcium plays a key role in several domains of health including bone health(60) 
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and the accelerated developments of skeletal, muscular, and endocrine systems at this stage of life make calcium critical in this period.(47) An adequate intake of calcium is essential to developing dense bone mass and reducing the risk of fractures and osteoporosis in early adulthood.(42) The dietary recommendation is 1300 mg/day.(60)  Iron is a critical component of several proteins, including myoglobin and hemoglobin, that transport oxygen throughout the body.(61) Iron requirements increase during puberty due to expanding blood volume for both sexes, but also to increase muscle mass in boys and replace blood loss due the onset of menstruation in girls.(42, 47) The recommended daily requirements are 8 mg/day in early adolescence, and, in late adolescence, 11 mg/day for boys and 15 mg/day for girls.(61) Iron can exist in various oxidation states, including the ferrous, and ferric states,(61) having a redox potential.(71) It has a complex relationship with inflammation responses, being called a double-edged sword, as both iron deficiency and excess can have deleterious effects.(69)  Zinc is crucial for growth and development(61) and serum zinc levels experience a decrease in response to the rapid growth and hormonal changes.(42, 47) Zinc requirements are 8 mg/day in early adolescence, while in late adolescence, girls require 9 mg/day and boys require 11 mg/day.(61) It deficiency, especially in boys, can leads with growth failure and delayed sexual development.(42, 47) Zinc deficiency may also increase cell-mediated immune dysfunctions, oxidative stress, and inflammatory cytokines.(72)  Vitamins are vital for good growth and development of adolescents, who often have an increased need in this period. Folate has an integral role in DNA, RNA, and protein synthesis, so it is increased during puberty. The dietary recommendation of folate is 400 μg/day	  for	  adolescents(63) and adequate intake is especially important for girls who may become pregnant to reduce the incidence of congenital anomalies among offspring.(42)  Vitamin D maintains serum calcium and phosphorus concentrations, so it is involved in bone health, making it very important during adolescence due to the skeletal mass increase.(60) A pro-inflammatory role of vitamin D has also been suggested, but it has several anti-inflammatory actions, such as inhibiting the 
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proliferation of lymphocytes, inducing their apoptosis, and regulating the expression of cytokines and adhesion molecules.(69) Vitamin D can be obtained by exposure to sunlight, and the recommendation of 5 μg/day during adolescence is based on the absence of adequate exposure to sunlight.(60) Vitamin A is also considered a nutrient of special concern during adolescence, playing a vital role in reproduction, growth, and immune function.(61, 73) Dietary recommendations for vitamin A are 600 μg/day in early adolescence, and in late adolescence, 700 μg/day for girls and 900 μg/day for boys. Vitamin A deficiency is associated with increased susceptibility to infectious diseases, and vitamin A also has a role as an anti-inflammatory agent.(74) Vitamin E has a function in cell membranes and so becomes increasingly important during adolescence due expansions of body mass during this period,(42) but its major function appears to be its role as the most effective chain-breaking antioxidant. Dietary recommendations for vitamin E are 11 mg/day in early adolescence and 15 mg/day in late adolescence.(62)  Vitamin C is involved in the synthesis of collagen, is important for growth,(42)  and plays a protective antioxidant role. Along with vitamin E, vitamin C is considered a dietary antioxidant and may play a role in the prevention of chronic diseases,(62) as well as in decreasing inflammation.(69)  
Dietary recommendations: Contrary to what happens to energy and protein, in which deficiency is unlikely, the eating habits of adolescents may put them at risk of deficiency for vitamins and minerals.(42) The adequate intake of some food categories like fruits, vegetables, and dairy products, while also avoiding soft drinks and smoking may help to prevent deficiencies, especially for some vitamins and minerals.(47) Adolescent vegetarians may be at the highest risk for low mineral intake, especially minerals present in animal-based foods, and supplementation may be warranted.(42) To avoid nutritional inadequacy and meet their daily nutrient needs, most people should consult the dietary guidelines to guide their food choices. The new food guide for the Portuguese indicates a range of daily recommended portions, by food categories, allowing individuals to maintain a healthy diet. Adolescents, 
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primarily boys, should consume the highest number of portions because they have higher energy needs.(75) For example, between two and three portions of dairy products are recommended every day, while adolescent should eat three portions for good bone health.(76) Three to five daily portions of fruits and vegetables are recommended.(75) Following this recommendations is especially important in the promotion of health and the prevention of many chronic diseases.(77) The WHO recommends at least 400 g daily of these foods categories,(78) with an increase up to 600 g to reduce the global burden of cancer and cardiovascular diseases.(79) The ‘5-a-day’	  recommendation may be a simple, easy-to-remember guide to help individuals to follow a minimal daily intake of any combination of fruits and vegetables.(80) In addition to choosing the right number of portions, the WHO(81) and the United States(82) dietary guidelines also indicate a need to choose a wide variety of these foods. For this last report (United States dietary guidelines(82)), a separation of fruits and vegetables is observed, with a recommendation to eat a variety of vegetables, beyond the general recommendation of to eat a variety of nutrient-dense foods. 
4.1.3. Nutritional and dietary intakes Energy intake increases with age, and this is very similar between the sexes, in early adolescence. This increase continues until age 18 for boys, but decreases in middle or later adolescence for girls. Possible under-reporting of food habits or dietary restrictions in this period may occur between them.(83)  Among Portuguese adolescents, starchy foods are the first contributor to energy intake.(84) Among Europeans, the absolute amount (g) of total carbohydrates and fiber is higher for boys,(83) in accordance with recommendations. The southern Europeans, including Portuguese, have a percentage of energy from starch very similar to trend of energy intake, increasing with age; in contrast, sugars tended to decrease with age.(83) Most adolescents have their total carbohydrates intake within recommended levels, between 52-53.9%,(85) but close to the lower end of this range; on the other hand, their consumptions from added sugars may 
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provide more than 10% of the energy intake, which is higher than the daily recommendation.(85) Adolescents in Southern European countries tend to have a higher intake of total fat and monounsaturated fatty acids (MUFA) than those in Northern, Central, and Eastern European countries.(83) Among Portuguese, the fat intake is about 31 to 33% of the total energy intake,(85, 86) which is closer to the upper end of the recommendations. The consumption of olive oil, which is higher among Mediterranean countries, may explain the highest intake of MUFA.(85) However, meat consumption is the largest contributor to the intake of total fat and MUFA among Portuguese adolescents.(84) European adolescents 10 and 11 years old are rarely consumers of alcohol. However, from the age of 11 years, a clear trend of initiation and increasing alcohol intake is observed more among boys than girls. Typically, young adolescents (11 years) have an alcohol intake of about 1.5 g/day (0.5% of energy), which increases to 10 g/day (3.3% of energy) for boys and 6 g/day (1.8% of energy) for girls, when they reach 15 to 18 years old.(83) Among 15 and 16 year old Portuguese adolescents, about 52% consumed alcohol (i.e. any alcohol intake over the past 30 days) in 2011.(87) Although, a trend towards decreasing weekly alcohol consumption in European and North Americans countries has been observed between 2002 and 2010, Portugal has shown no such trend.(88) In general, European adolescents increase their intake of micronutrients with age, in parallel with energy intake.(83) However, there is a risk of deficiency of calcium, iron, and zinc among Portuguese, mainly girls.(85) Dairy products are the main source of calcium in the diet of Portuguese adolescents,(84) and it seems that the minimum needs are fulfilled for both dairy products and calcium, since the average intake is, respectively, 2.3 or 2.1 portions/day and 1311 or 1215.2 mg/day (boys or girls), in a sample of Azorean 15-18 year olds.(89) Considering others food categories, the mean of fruit and vegetable consumption among Europeans adolescents is bellow the recommendation, varying from 220 to 345 g/day, and only 23.5% of adolescents reach the WHO goal of 400 g/day.(90-93) Among Portuguese, the intake was assessed as 137 g/day for fruit 
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and 112 g/day for vegetables, with only 21% of them reaching the WHO goal(91) of 400 g/day of both fruits and vegetables.(78) In addition, no differences were found between sexes.(91) The vegetable soup may give a valuable contribution to the daily intake of vegetables, and it was estimated on average 0.8–0.9 times a day among adolescents.(94) An increase in the daily fruit and vegetable consumption was noted among adolescents from most European and North American countries, from 2002 to 2010. Unfortunately, the prevalence of daily fruit consumption in Portugal has significantly decreased. For vegetables, no change was observed.(95) Daily breakfast consumption across 41 countries, including more them 200 000 adolescents,(96) is common skipped among adolescents, especially girls, older adolescents and those from social disadvantaged. Daily breakfast consumption was associated with life-styles, such as being physically active and daily fruit or vegetable consumption that were positively associated, as well as watching >2 hours/day of television, soft drink consumption and dieting was negatively associated. Portuguese adolescents were among those that have higher daily breakfast consumption. However, 30% of girls and 25% of boys have reported to skipped breakfast. Soft drink consumption among Americans adolescents is a major source of added sugar in the their diets, accounting for over 12% of all carbohydrates consumed.(42) For Portuguese adolescents, soft drinks account for about 4% of total consumption of energy and about 7% of total consumption of carbohydrates. Soft drinks are the fourth source of carbohydrates, after starchy food, fruits, and sweets/pastries.(84) Fast food intake among 72 900 children (from 17 countries) and 199 135 adolescents (from 36 countries)(97) was studied and considered high in childhood and increases in adolescence. In addition, consumption of fast food was associated with higher body mass index in both children and adolescent. Among Portuguese children (mean age of 7.5 years),(98) fast food and pastry pattern was positively associated to TV viewing (>2 h/day), while higher level maternal education and longer sleeping duration were positively associated with 
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dietary patterns that included vegetables, pulses, fruit, olive oil, and vegetable soup, and negatively associated with fast-food and pastry intake.  From a perspective of the complexity of diet, four different dietary patterns were identified among Portuguese adolescents: healthier in 16.1% of adolescents, dairy products in 29.7%, fast food in 14.2%, and lower intake in 40%. In the healthier or dairy products patterns, adolescents had a food intake closer to a healthy diet. On the other hand, adolescents with the fast food pattern had a higher consumption of fast food, sweets, and soft drinks. Adolescents with that food pattern spent more time in sedentary activities and had a lower socioeconomic status.(86)  In addition, time spent watching television was associated with higher consumption of foods rich in fats and sugars and a lower consumption of fruits and vegetables. Adolescents who watched television more than 120 minutes/day had a higher intake of dietary fat and a lower intake of minerals and vitamins.(99)   
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4.2. Low-grade inflammation in adolescents 
Acute inflammation is a normal defense mechanism. If physiological processes to resolve inflammation fail, acute inflammation can become chronic inflammation. By contrast, in low-grade inflammation, there is an increase in systemic inflammatory biomarkers, but their presence is not high enough to characterize low-grade inflammation as acute or typical chronic inflammation. Low-grade inflammation has been associated with risk factors for metabolic and chronic diseases(69, 70, 100) in adults,(13, 14, 16, 18, 101, 102) children, and adolescents.(19-21, 50, 51) Several factors have been shown to influence concentrations of inflammatory biomarkers including body fatness, physical activity, and diet.(69) In the following sections, four areas will be addressed: a brief overview of the inflammatory process; a distinction between acute, chronic, and low-grade inflammation; a brief review of the most relevant inflammatory biomarkers and their associations with chronic conditions and risk factors in adolescents; and finally, the determinants of low-grade inflammation in adolescents, with a special focus on dietary and nutritional intake. 
4.2.1. The inflammatory process Inflammation is a normal defense mechanism and an essential component of immunity, and it acts as a defense for the host.(70) It is an adaptive response that is triggered by noxious stimuli and conditions, such as infection and tissue injury.(103) The classic inflammation process has three phases: the afferent, the efferent, and the resolution. The afferent phase occurs when certain types of cells sense the presence of a trigger; the efferent phase is the inflammatory response to eliminate the trigger; the resolution phase is initiated in order to limit further damage to the host and to repair the tissue. The efferent phase involves four major events: 1) first, in the presence of a trigger in the tissue, the blood supply to the site of inflammation is increased; 2) next, capillary permeability is increased due to the retraction of endothelial cells, thereby permitting larger molecules to traverse the endothelium to deliver mediators to the site of inflammation; 3) then, chemo-attractants are released from the inflammation 
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site and by the up-regulation of adhesion molecules on the endothelium in order to promote the migration of leukocytes from the capillaries into the tissue; 4) in the tissue, the leukocytes move to the site of inflammation where they release mediators such as cytokines.(100) Calder et al.(100) summarized these events and showed that some inflammatory mediators can escape from the inflammation site into the bloodstream and exert systemic effects. This initial inflammatory process leads to the production of a variety of inflammatory mediators, including chemokines, cytokines, vasoactive amines, eicosanoids, and products of proteolytic cascades.(103) The four events of the inflammatory response process aim to eliminate the perceived hostile intruder, i.e., the source of the trigger. Once the insult is eliminated or at least controlled, mechanisms come into play to terminate inflammation in order to limit further damage to the host and to initiate tissue repair. This process is called the resolution of inflammation, and it is now recognized as an active process involving specific mediators that act to down-regulate the processes that were activated earlier. The resolution phase involves activations of negative feedback mechanisms in which the anti-inflammatory cytokine is secreted to inhibit the pro-inflammatory cascades.(100) 
4.2.2. Low-grade inflammation Inflammation may be classified as acute or chronic. Acute inflammation is the body’s initial response to an infectious agent or other inflammatory trigger (e.g., tissue damage caused by a wound or irradiation) and is achieved by the increased movement of plasma and leukocytes (especially granulocytes) from the blood to the site of the infection or injury.(100) Typically, the inflammatory response is activated rapidly in response to infection or another trigger, and then follows a temporal pattern of cellular activation and chemical mediator release. Once the infection or the other insult has been eliminated or controlled, mechanisms are activated in order to terminate inflammation.(100)  When the process to resolve inflammation fails, the normally acute inflammatory response can become chronic.(69) Chronic inflammation may become 
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pathological and cause irreparable damage to the host’s tissues, resulting in markedly elevated concentrations of inflammatory biomarkers and activated inflammatory cells at the site of tissue damage and in the circulation systemic. This state of inflammation may be regarded ‘high	  grade’ and is characteristic of autoimmune, allergic, and neurodegenerative diseases such as chronic diseases, 
allergic	  asthma,	  and	  Alzheimer’s	  disease.(100) Chronic inflammation can also be considered ‘low	   grade’ when clinical manifestations are minimal or absent. Thus, in the case of low-grade inflammation, the increase in systemic inflammatory biomarkers is not as high as in typical chronic inflammation, and it has been associated with metabolic diseases,(70, 100) such as obesity(13) and diabetes,(13, 14) and with cardiovascular diseases(16, 18) and cancer.(101, 102) This condition of low-grade inflammation is commonly found in the elderly because inflammatory biomarkers tend to increase with age.(104, 105)  However, some of these associations have also been found in children and adolescents, where low-grade inflammation has been associated with several risk factors for chronic conditions including obesity,(19-21, 106, 107) metabolic syndrome,(20, 50) and early-stage atherosclerosis,(51) as summarized in Table 1. 
4.2.3. Inflammatory biomarkers Low-grade inflammation is characterized by raised blood concentrations of inflammatory biomarkers.(69) The early identification of those biomarkers that have diagnostic value for the prevention of future damage or can facilitate early treatment is desirable;(108) however, inflammatory biomarkers are considered non-specific for healthy people, and a definition of biomarkers or a set of them that fully describes the low-grade inflammation has not yet been well defined.(69, 70, 100)  Relevant inflammatory biomarkers in the general population, i.e., in non-disease settings, are cells or soluble markers found in the bloodstream. Tissue markers can also be used, but often they are disease specific. Calder et al.(100) explored several inflammatory biomarkers in order to understand their nutritional and dietary role in inflammation. For this thesis, the focus will be on biomarkers of 
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inflammation considered most relevant in studies based on apparently healthy adolescents, as shown in Table 1. 
4.2.3.1. Acute-phase proteins  The acute-phase proteins are synthetized mainly by the liver and induced by cytokines.(100) C-reactive protein (CRP) is considered a highly sensitive acute-phase protein for marking systemic inflammation and to predicting cardiovascular risk, despite its lack of specificity in differentiating inflammatory diseases.(10) Although the production of CRP takes place primarily in the liver, this biomarker can also be produced by inflammatory cells at the inflammation site at lower concentrations less likely to have systemic effects.(109)  Increased levels of CRP are known to be associated with several conditions such as infection and tissue damage, obesity, old age, hypertension, diabetes mellitus, smoking, and other cardiovascular risks.(110) CRP cut-off points were defined to assess the cardiovascular disease risk in adults, but no reference ranges have yet been defined for adolescents.(10)  In children and adolescents, CRP has been associated with obesity, specifically with body mass index,(19-21) peripheral fat mass,(21) and abdominal obesity,(50) as shown in Table 1. This relationship may have an early etiology, since maternal inflammation during pregnancy can predict adiposity in the offspring during childhood. In a prospective prebirth cohort analysis of mother-child pairs, Gaillard et al.(111) showed that higher maternal CRP levels in the second-trimester of pregnancy were positively associated with higher overall and central adiposity in the	  offspring’s	  childhood (median age 7.7 years).  High CRP has also been associated with metabolic parameters during adolescence (Table 1), including high fasting insulin, high triglycerides, and low high-density lipoprotein cholesterol concentrations in individuals ages 9, 13, and 16 years;(20) and with metabolic syndrome in adolescents ages 12–17 years.(50) In addition, metabolic abnormalities have a greater effect on CRP than weight alone since overweight adolescents (ages 12–19 years) with metabolic syndrome show higher levels of CRP than their overweight peers without metabolic syndrome.(112) Moreover, CRP plays a role in the pathogenesis of early 
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atherosclerosis, affecting the health of arteries in healthy children and adolescents, mean age 10 years,(51) in obese adolescents, mean age 13.5(113) years, by disturbing endothelial function and promoting intima-media thickening. In fact, Silva et al.(114) demonstrated that obese had higher values of intima-media thickening and concentrations of CRP compared to non-obese in a meta-analysis based on 16 studies among obese and non-obese children and adolescents. Other acute-phase proteins less well studied than CRP, such as complement component 3 (C3) and complement component 4 (C4), are soluble membrane-bound proteins that intertwine with the complement system and also play a role in inflammatory processes.(115) C3 and C4 are also synthetized by the liver; however, body fatness seems to contribute to circulating concentrations of these serum proteins,(107, 116) even in apparently healthy adolescents. In adult-population studies, C3 has been associated with body fatness and cardiovascular disease risk factors(117) such as body mass index, visceral adipose tissue, insulin levels, insulin resistance homeostatic model assessment index (HOMA-IR), diabetes, hypertension, and dyslipidemia.(116) As shown in Table 1, higher concentrations of C3 in adolescents have been linked to high body fatness including waist circumference,(107) and body fat percentage,(107, 118) independent of being normal weight or overweight, in a sample of adolescents ages 13–18.5 years,(107) and waist circumference in boys and waist-to-height ratio in girls ages 12–18 years.(118) The inflammatory biomarker C4(117, 119) and the C3/C4 ratio(120) have been associated with increased cardiovascular risk factors in adults. A very high C4(119) and a high C3/C4 ratio(120) increases the hazard of a new cardiovascular event, and high C4 has been positively associated with body fatness measures, blood pressure, serum lipids, (117, 119) and blood glucose levels.(117) The C3 and C4 levels declined after weight reduction.(117, 121) In children and adolescents, as shown in Table 1, some measurements of body fatness were associated with C4;(107) body mass index, waist circumference, waist-to-height ratio, skinfold thickness, and body fat percentage were positively correlated with that biomarker, but the statistical significance of the association was lost if the 
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sample was divided into normal weight and overweight groups of adolescents ages 13–18.5 years.(107) In addition, C4 predicted measures of obesity and central obesity in 12–18 year old girls.(118) Other interesting findings were that birth weight was inversely related to C3 and C4 in children and adolescents.(12) 
4.2.3.2. Cytokines Cytokines are a class of high molecular-weight polypeptides that deliver cell signals in the context of immunological responses, inflammatory reactions, and other basic biological functions. Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α)	  are	   the	  most	  well-studied cytokines.(122) They are released from vascular smooth muscle cells, endothelial cells, monocytes, and macrophages.(110) Several pro-inflammatory cytokines are also able to regulate the hepatic synthesis of CRP and the hepatic acute-phase response; however, the role of IL-6 in this process is considered primary.(123) IL-6 can also be produced by adipose tissue, particularly in the adipose visceral tissue but also subcutaneously by both adipocytes and macrophages.(124) A number of different stimuli including other cytokines, infections, and toxins can induce its production. In acute inflammation, two important functions of IL-6 can condition other inflammatory biomarkers: modulating the synthesis of acute-phase proteins (such as CRP) and self-limiting the inflammatory response by suppressing other cytokines like TNF-α.	  Thus,	  IL-6 concomitantly regulates pro-inflammatory and anti-inflammatory activities and contributes to both the development and the resolution of the acute inflammatory response. However, it is not understood yet whether elevated levels of IL-6 are aimed at resolving an inflammatory response that is inappropriately long or if a primary dysregulation of IL-6 production is responsible for a chronic pro-inflammatory state.(125) IL-6 is involved in cardiovascular disease, possibly due to its effects on insulin resistance, pro-coagulant state, dyslipidemia, and endothelial activation.(123) Cohort studies in healthy male adults and in the elderly show that subjects with higher serum values had a higher incidence of cardiac events such as myocardial infarction, ischemic cardiac disease, stroke, and heart failure.(110) In studies based on adolescent samples, an increase in IL-6 level was found in the presence of several cardiovascular risk factors as shown in Table 1, such as impaired 
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metabolic processes, for example, in the presence of higher HOMA-IR in adolescents ages 12–18 years;(126) higher clustering z-scores of cardiovascular disease risk factors, including measures of glucose tolerance, serum lipids and body fatness;(127) and higher prevalence of metabolic syndrome(128) in adolescents (mean age 13 years).  In healthy adults, the production of IL-6 increases with adiposity, and estimates indicate that as much as a third of total circulating concentrations of IL-6 originate from adipose tissue.(123) It is unclear whether this plays a role as one of the contributing mediators of obesity(129) or it has a homeostatic role in limiting obesity-associated insulin resistance and inflammation.(130) A recent study of biopsies of adipose tissue from normal weight, overweight, and obese adults suggested that obesity leads to the elevated expression of IL-6 in the adipose tissue.(131)  The findings regarding the relationship between IL-6 levels and body fatness measures are conflicting in younger populations, as exhibited in Table 1. Some studies found an inverse relationship; in adolescent ages 12–18 years, those who were obese had higher serum values of IL-6 than normal weight ones,(126) and in children and adolescents ages 6-19 years, those who had higher levels of IL-6 had a higher waist-to-height ratio.(132) However, several studies based on adolescent samples found no relationship between IL-6 levels and body fatness measures such as body mass index.(107, 133-135) Tam et al.(136) considered that the effects of obesity on IL-6 levels vary with age and sex since overweight and obese girls at 15 years of age but not at 8 years of age, showed increased IL-6 compared to healthy-weight girls in a longitudinal study.  TNF-α	  is	  a	  pro-inflammatory cytokine(137) that can be released by adipocytes as well,(138) in addition to other cells such as vascular smooth muscle cells, endothelial cells, monocytes, and macrophages,(110) as previously noted. TNF-α	  plays a key role in the mediation of the immune response regulation of inflammation, cell apoptosis and survival, cytotoxicity, and the production of other cytokines such IL-6.(137) TNF-α	   plays an important role in insulin resistance, acting directly on the insulin receptor. Additionally, TNF-α	  has	  been positively associated with adiposity, particularly visceral fat and other 
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cardiovascular-disease risk factors. It also indirectly mediates lipolysis and augments the hepatic synthesis of fatty acids, thereby increasing serum levels of fatty acids and triglycerides.(138) The adipose tissue express TNF-α	   constitutively,(124, 137, 139-141) especially on infiltrated macrophage,(140, 141) and its expression decrease after weight loss;(124, 139, 141) this also happen with serum TNF-α,	  which	   is correlated between body mass index and decreased after weight loss in obese adults.(137, 139, 141) In younger individuals, the relationship between TNF-α	  levels	  and	  body	  fatness	  measures	  is conflicting, according to the studies compiled on Table 1. On the one hand, several studies found a positive relationship between TNF-α and body mass index(132, 142) or waist-to-height ratio,(132) including studies in children(132) and adolescents;(132, 142) On the other hand, other researchers found no association between body mass index and TNF-α	  in	  adolescents at different ages.(107, 133-135) In addition, the sum of skinfold measurements was not associated with TNF-α	  levels in adolescents with a mean age of 13.4 years.(127) TNF-α	   expression	   is	   increased	   in	   the adipose tissue of people with insulin resistance.(137, 139-141) Unlike the case with studies of adult, widespread systemic inflammation, including TNF-α,	   is	   not	   necessarily	   associated	   with	   insulin	  resistance among adolescents.(143) In fact, a studied conducted with adolescents and adults found no relationship between HOMA-IR and TNF-α	   in	   adolescents	  and surmised that some dissociation may exist between low-grade inflammation and insulin resistance in the early phases of obesity.(144) Both IL-6 and TNF-α	   can	   affect liver production of lipids;(145) they inhibit lipoprotein lipase and stimulate lipolysis.(123, 137) The effects of these cytokines on triglyceride metabolism might further impair endothelial health, raising circulating concentrations of non-esterified fatty acids(123) and stimulating the release of very-low-density lipoproteins, which can become oxidized to low-density lipoprotein.(137, 145) However, the results of studies conducted with adolescents do not agree regarding the role of IL-6 and TNF-α	   on	   impaired	  serum lipids profiles (Table 1). On the one hand, high-density cholesterol was negatively associated with TNF-α but not with IL-6, and triglycerides were not associated with either in adolescents ages 10–14 years;(145) on the other hand, in 
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adolescents ages 12–18 years, none of the above associations were observed.(126) In addition, serum TNF-α	   was	   positively	   correlated	   with	   triglycerides and negatively correlated with high-density lipoprotein cholesterol; no correlation was found with total cholesterol, in adolescents ages 15–16 years.(146) 
4.2.3.3. Adipokines Adipokines are proteins produced mainly by adipocytes such as leptin and adiponectin. They are primarily produced by adipocytes and can therefore be properly classified as adipokines.(124) Leptin is a protein encoded by the Ob gene, and its primary role is control of 
appetite.	   Leptin’s	   role	   in	   regulating	   inflammation	   is	   to	   stimulate	   cytokine	  production from T lymphocytes. Leptin deficiency is associated not only with reduced inflammation in models of autoimmune disease but also with increased susceptibility to bacterial and viral infections. Therefore, the consensus is that leptin exerts a pro-inflammatory role while at the same time protecting against infection.(124) Adipocytes are the most important source of leptin, and circulating leptin levels correlate directly with adipose tissue mass.(124) In adolescents, several studies showed a positive relationship between leptin levels and body fatness, as shown in Table 1, especially for body mass index but also for measures of abdominal fatness, such as waist circumference,(147, 148) and waist-to-hip ratio.(118, 149) In the contrary to leptin, adiponectin appears to act as an anti-inflammatory molecule, by inhibiting of TNF-α and IL-6. Serum adiponectin levels do not increase with obesity as leptin levels do; there is a tendency for the reduction of adiponectin levels in obese subjects and increased levels in patients with anorexia nervosa.(124) Most studies have also demonstrated this relationship in adolescents (Table 1). Measures of whole-body fatness are the most studied especially body mass index,(126, 142, 148, 150, 151) but also percentage of body fat.(149) Central obesity such as waist circumference(152) and waist-to-height ratio,(118, 149) and intramyocellular lipid content(153) have also been studied. Adiponectin has a role in the regulation of insulin sensitivity. In fact, patients with type 2 diabetes have a low level of adiponectin.(124) Adiponectin acts 
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through multiple tissues to enhance insulin sensitivity; thus, adiponectin is referred to as an insulin sensitizer.(140) In adolescents, reduced adiponectin levels have also been observed in several measures of impaired glucose metabolism,(126, 144, 150, 152-155) as shown in Table 1, for example, high insulin levels,(144, 150, 152, 154) HOMA-IR,(126, 152) and other models of insulin resistance.(153, 155) Furthermore, adiponectin may also play a role in the pathogenesis of early atherosclerosis, disturbing the health of arteries by disturbing endothelial function and promoting intima-media thickening in obese adolescents, mean age 13.5(113) and 12.7 years.(156) In a meta-analysis among children and adolescents, Silva et al.(114) confirmed these findings and showed that obese had lower concentrations of adiponectin and higher values of intima-media thickening compared to non-obese. 
4.2.3.4. Clusters and scores of inflammatory biomarkers Clusters or signatures of biomarkers to identify low-grade inflammation have been encouraged.(70) Several researchers have used this approach to analyze the relationship between cardiovascular risk factors and low-grade inflammation. Adabimohazab et al.,(157) in a cross-sectional study based on adolescent sample with a mean age of 17.5 years, showed a significant difference between the lean and overweight/obese groups with using a score of eight inflammatory biomarkers. Artero et al.(158) defined a score based on five inflammatory biomarkers in a cross-sectional study in adolescents ages from 12.5–17.5 years and showed that the inflammatory biomarker score was significantly higher in overweight adolescents compared to those who were not overweight.   
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Table 1: Inflammatory biomarkers and their association with chronic conditions and risk factors in children and adolescents 
 Body fatness a Impaired glucose tolerance b Impaired serum lipids profile c Increased blood pressure d Cardiovascular disease risk scores e Metabolic syndrome Early atherosclerosis  A. Ref. A. Ref. A. Ref. A. Ref. A. Ref. A. Ref. A. Ref. 
CRP 
 (19-21, 50, 106, 107, 112, 118, 126, 127, 132, 134, 142-144, 147, 148, 150, 151, 159-163)  (20, 106, 126, 143, 160)  (20, 112, 126, 150, 160, 161)  (106, 112, 126, 161, 164)  (127, 147, 165)  (20, 50, 112, 128, 160)  (51, 113) 
 (133)  (150, 162, 166)  (106, 166)  (166)    (133)  (156) 
C3  (107, 118, 162, 163)  girls only(135)  (162)        
C4 
 (107, 118, 135, 162)  (162)        
 (163)          
IL-6 
 (106, 126, 132, 157)  (126) girls(167)  (106, 150)  (145, 168)  (127)  (128)   
 (107, 127, 133-135, 143, 147, 150, 169)   (106, 150, 162, 166, 168)  (126, 145, 166, 168)  (106, 126, 133, 166)  (147, 165)  (133)   
TNF-α 
 (132, 142, 150, 157, 169, 170) ow girls(149)  (144)  (106, 144, 145)    (127)  (128)   
 (106, 107, 126, 127, 133, 135, 143, 144, 147)  (106, 126, 150, 166, 168)  (126, 150, 166, 168)  (106, 126, 133, 166, 168)  (147, 165)  (133, 170)   
Leptin 
 (118, 126, 133, 142-144, 147, 148, 150, 153, 154, 170) ow girls(149)  (126, 144, 150, 166)  (126, 144, 150, 166)  (126, 133, 166)  (147)  (133)      (154)        (170)   
Adipo-
nectin 
 (126, 133, 142, 144, 148, 150-155, 157, 168, 170)  girls(118) ow girls(149)  (126, 144, 150, 152-155)   (126, 144, 150, 153, 155, 168) ow (152)  (126, 152, 164, 168)  (127)  (133, 152, 170)  (113, 156) 
 (143, 147, 150)      (133, 155)  (147)  (155)   Abbreviations: A., association; Ref., reference of studies; CRP, C-reactive protein; C3, complement component 3; C4, complement component 4; TNF-α,	  tumor necrosis factor; ow, overweight. Symbol: , positive relation; , negative relation; , no relation. a Body fatness measures could be body mass index, waist circumference, waist to height ratio, body fat percentage, skinfolds, and/or ponderal index (weight/height3). b Impaired glucose tolerance could be higher levels of serum glucose, serum insulin, homeostasis model assessment of insulin resistance (HOMA-IR), and/or whole body insulin sensitivity index. c Impaired serum lipids profile could be higher levels of serum triglycerides, total cholesterol and low-density-lipoprotein cholesterol and/or lower levels of high-density-lipoprotein cholesterol. d Increased blood pressure could be higher measurements of systolic and/or diastolic blood pressure. e Several different scores of cardiovascular disease risk have be performed including, HOMA-IR, waist circumferences, triglycerides, systolic blood pressure and high-density-lipoprotein cholesterol; ratio of total cholesterol to high-density-lipoprotein cholesterol, triglycerides, HOMA-IR, systolic blood pressure, skinfold, and inverse of volume of oxygen peak.  
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4.2.4. Determinants of inflammation A number of factors, in addition to the presence of a direct inflammatory trigger, have been shown to influence the concentrations of inflammatory biomarkers. These include sex, genetics, age, body fatness, smoking, physical activity, sedentary time, diet, gut microbiota, medications, pollution, emotional stress, and sleep pattern behavior. It has been advised that studies aiming to assess low-grade inflammation consider including these factors between the covariates.(70, 100) An understanding of how these factors can determine basal levels of inflammatory biomarkers at an early age is very important considering two fundamental aspects: 1) the inflammatory process may play a significant role in the development of chronic conditions and their risk factors such as overall(19-21) and central(106, 107) obesity, metabolic syndrome,(20, 50) impaired endothelial function and early-stage atherosclerosis,(51) diabetes,(13, 14) cardiovascular diseases,(16, 18) and cancer;(101, 102) 2) these problems and their risk factors often have their origins at an early age, tracking from childhood to adulthood.(26-31) Therefore, understanding each of the factors that can determine basal levels of inflammatory biomarkers among adolescents is of considerable interest for the prevention of future disease while there is still an opportunity to reverse any damage.(10) In adults, better studied determinants of low-grade inflammation include age,(104, 105) body fat,(171) sedentary time,(172) and smoking(173) as pro-inflammatory factors; and moderate-to-vigorous physical activity as an anti-inflammatory factor.(174) In regard to dietary and nutritional intake, the impact on inflammatory biomarkers can be pro- or anti-inflammatory,(69, 70) depending on the dietary and nutritional context. In addition, other factors can play a role in low-grade inflammation. Low socioeconomic status was associated significantly with elevated levels of CRP,(175-177) IL-6, and TNF-α(176) compared to high socioeconomic status, in adults(175, 177) and seniors.(176) This association between socioeconomic status and levels of CRP is also observed in children(178) and adolescent,(54-56) 
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specifically low parent education, and adiposity explains in part this association.(54, 56) In fact, body fatness is the most widely studied determinant of low-grade inflammation among adolescents. Several large-scale studies(19-21) have demonstrated that healthy young subjects with more body fat have moderately higher concentrations of inflammatory markers than their leaner peers, supporting the concept that obesity should be considered a state of low-grade inflammation. Less data are available to allow us to elucidate how physical activity or dietary and nutritional intake may have a direct effect on inflammation in apparently healthy, disease-free young populations.(10)  In fact, this gap in the literature has been recognized and considered a challenge for examining the relationship between dietary and nutritional intake and inflammatory biomarkers in healthy young populations and partially explains the scarcity of published research.(10) Beyond the role of adipose tissue on inflammation and its relationship to inflammatory biomarkers in adolescents, the following topics will address a brief review about the current knowledge of the roles of physical activity and dietary and nutritional intake on low-grade inflammation in adolescents. 
4.2.4.1. Body fatness Adipose tissue is not only an energy-storage organ; it is also an active participant in regulating physiologic and pathologic processes, including immunity and inflammation. Adipose tissue is comprised mainly of adipocytes but also by macrophages, present in stromal vascular fraction, and their number is directly correlated with adiposity and with adipocyte size.(124)  Adipose tissue expresses and secretes into the systemic circulation a growing list of pro- and anti-inflammatory biomarkers, including IL-6, TNF-α	  and	  leptin,	  and adiponectin.(69, 124) Macrophages are components of adipose tissue and actively participate in its activities.(124) The anatomical localization of adipose tissue seems to have a paramount importance in relation to its physiological function.(69) 
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Increased abdominal fat mass is associated with an elevation of the circulating concentrations of inflammatory biomarkers including several acute-phase inflammatory proteins such as CRP, adipokines, and cytokines. The adipokines are distinct between the subcutaneous and abdominal adipose tissues: leptin is preferentially expressed and secreted by subcutaneous adipose tissue, while the expression of adiponectin is higher in abdominal fat. The cytokines IL-6 and TNF-α	  seem	  to	  be	  equally	  synthesized	  by	  the	  different	  sites. Deposits of adipose tissue at ectopic sites, such as the liver, heart or skeletal muscle may contribute to the production of inflammatory mediators in the absence of obesity.(69) Contrary to what happens with adults, the adipose-tissue biopsies in overweight children showed a lower expression of adiponectin in the visceral adipose tissue compared to subcutaneous adipose tissue; in normal-weight children, no difference in adiponectin expression between fat deposits was seen.(179) In fact, although there is a negative association between body fatness measures such as body mass index or skinfold measures and adiponectin, the same is not true for abdominal fatness measures; several authors found no relationship between adiponectin and waist circumference(118, 143, 144, 147) or between adiponectin and abdominal fat(142) in adolescents. However, waist-to-height ratio was negatively associated with adiponectin but only in girls.(118) Actually, sex differences have been observed and can play a role in the modulation of the relationship between low-grade inflammation and obesity. Ford et al.(180, 181) have studied the CRP concentration in several large samples and concluded that, in adulthood, women typically have higher mean CRP than men.(180) These data were confirmed by a meta-analysis,(182) but sex differences observed in adults were not found in children. However, Ford et al.(181) have suggested that these differences emerge only after age 15. In a longitudinal study of sex differences in relation to CRP from childhood to young adulthood, Shanahan et al.(183) found that sex-differentiated increases in CRP during adolescence were, in part, accounted for by increasing body mass index and CRP associations in girls. In concordance, Ahonen et al.(184) showed that a relative increase in weight from youth to middle age may be more harmful in women than in men with respect to inflammatory biomarkers. Pirkola et al.(185) found in 
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a prospective analysis that being small for gestational age at birth (a risk factor for obesity in adulthood(186)) was associated with a pro-inflammatory state in girls during adolescence, but this relationship was not observed in boys. In addition, intrauterine exposure to maternal overweight was associated with elevated low-grade inflammation in girls, as was exposure to paternal overweight during the fetal period in boys. However, as can be observed in Table 1, measures of body fatness of adolescents in general are positively associated with a state of low-grade inflammation assessed by high CRP, C3, C4, and leptin, or low adiponectin, although the findings about the relationship between IL-6 and TNF-α	   and body fatness are inconsistent. Furthermore, persistent low-grade inflammation in obese children may increase the risk of metabolic and cardiovascular events in later life.(179) In addition, low-grade inflammation later in life can be established as early as at birth since maternal body mass index at delivery predicted newborns’ plasma (umbilical cord plasma) levels of CRP, IL-6, and TNF-α.(187) 
4.2.4.2. Physical activity  Large cohort studies consistently show an inverse association between physical activity and low-grade inflammation, and its impact is most evident when physical activity is more frequent and more intense. Data from intervention studies has also suggested that accumulated physical activity training can reduce chronic low-grade inflammation.(174) In adolescents, data from cross-sectional studies support the association between increased levels of physical activity and decreased low-grade inflammation.(188) Authors found that physical activity was inversely associated with CRP, C3, C4,(189) and IL-6(190) in adolescents ages 12.5–17.5 years old from 10 European cities(189) and with in 12-year-old French.(190) Moreover, fitness level was negatively associated with CRP in adolescents ages 17 years old.(191) In addition, muscle strength was negatively associated with CRP, C3,(158, 192) C4, and an inflammatory score(158) in adolescents ages 13 to 18.5(192) and 12.5 to 17.5 years.(158) However, other researchers found that physical activity was not independently associated with inflammatory biomarkers in prepubertal children 
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and adolescents ages 9-10(163) and 13–17 years,(162) suggesting that physical activity plays an indirect role in low-grade inflammation.(162, 163) In contrast, overtraining can also increase inflammatory biomarkers.(188) Athletes undergoing an intensified period of training without opportunity for sufficient rest can experience what is known as the overtraining syndrome. This syndrome is at least partially mediated by low-grade inflammation, although it is not fully understood, especially in relation to augmented circulating levels of pro-inflammatory cytokines such as IL-6 and TNF-α.(174) In regard to the amount of time spent in sedentary activities, this has been positively associated with low-grade inflammation in adults,(174, 193, 194) independently of the amount of time spent in moderate-to-vigorous physical activities.(195) This relationship is particularly important because sedentary behavior is correlated with health risk independent of physical activity.(172) In adolescents, the data are not so convincing. Martinez-Gomez et al.(196) showed that television-viewing time but not total sedentary time was positively associated with measures of adhesion molecules but not with CRP, C3, C4, IL-6, adiponectin, or leptin. In addition, two other investigations studied the relationship between screen time and CRP in adolescents.(185, 197) While Pirkola et al.(185) found an association only for girls in the unadjusted model, Hardy et al.(197) found an association only for boys in the unadjusted model. However, these associations were attenuated(185) or lost(197) in adjusted analyses, respectively. 
4.2.4.3. Dietary and nutritional intake Dietary and nutritional intake are considered important regulatory factors for immune response since optimal nutrition is required for a healthy immune balance: on the one hand, malnutrition leads to immunosuppression; on the other hand over-nutrition increases the susceptibility to an inflammatory condition.(198) Several individual nutrients, bioactive food components, whole foods, and dietary patterns have been identified as modulators of inflammation.(69, 70, 100)  
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Nutritional intake and bioactive food components Calder et al.(69) performed a review of the major contributors and the most relevant nutrients and bioactive food components for low-grade inflammation in studies conducted especially in adult samples. Very little is known about nutrient and bioactive food component intake and low-grade inflammation in adolescents. In regard to fat intake, dietary fatty acids can influence low-grade inflammation through the modulation of eicosanoid metabolism and the regulation of cell membranes.(69) In addition, genes involved in inflammatory processes may interact with environmental exposure such as dietary fatty-acid intake, in particular SFA, n-6, and n-3 PUFA by having an impact on the expression of cytokine genes.(199) In reviews, several authors have considered polyunsaturated PUFA, especially n-3, as protective for low-grade inflammation, while SFA has been considered to promote inflammation.(69, 199) Nevertheless, controversy exists about the association between fatty acids and inflammation, especially in data from adolescent-based studies. In regard to SFA, Santos et al.,(200) based on a systematic review of the role of SFA intake on low-grade inflammation in adult populations, concluded that a potential positive association between SFA and CRP but not with adipokines is suggested. Aeberli et al.,(166) in agreement with adult-based data, showed that SFA intake was positively associated with a higher level of CRP but not with IL-6 and leptin among children and adolescents (ages 6–14 years). In addition, in a cross-sectional study in youth (ages 14–25 years), Arya et al.(201) found that SFA intake was positively associated with a higher level of CRP in an unadjusted model, but the statistical significance was lost after adjustment. In contrast, Wang et al.(202) found the opposite relationship between low-grade inflammation and specific SFA when measured in serum levels of phospholipids in a cross-sectional analysis of adolescents (mean age 15 years). These authors concluded that a higher serum level of phospholipid pentadecanoic acid (15:0) and heptadecanoic acid (17:0), both dairy fatty acids, was associated with lower CRP only among overweight and lower IL-6 independent of weight status but not for TNF-α and adiponectin. In addition, in a cross-sectional study in children (ages 
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2–9 years), Gonzalez-Gil et al.(203) found sexes differences in the relationship between whole-blood fatty acids and CRP; while the sum of n-6 and LA were associated with a lower CRP level in boys, n-6 highly unsaturated, AA, and AA/LA ratio were associated with a higher CRP level in girls. These findings should be compared with other studies with caution since data have different origins, dietary fat, and serum fat. Considering PUFA during adolescence, Klein-Platat et al.(204) measured the plasma fatty acids composition in phospholipids and cholesterol ester fractions in 12 year olds and found that the PUFA/SFA ratio was inversely associated with IL-6 in both fractions. In addition, CRP was inversely associated with two of the n-3 PUFA, ALA and EPA, in cholesterol ester fractions. Considering data from dietary intake, Arya et al.(201) found no association between total PUFA, n-6, n-3, or n6/n3 ratio and CRP in a sample of adolescents and young adults (14–25 years old). By contrast, Aeberli et al.(166) showed a positively association between PUFA and CRP but not for IL-6 and leptin in a study of children and adolescents ages 6–14 years old. The controversy regarding the findings by Aeberli et al.(166) may reside in the fact that n-3 and n-6 PUFA are measured together, and the n-6 PUFA class of fatty acids can act in both a pro- and anti-inflammatory manner.(199) EPA and DHA are able to partly inhibit a number of aspects of inflammation, including production of eicosanoids from the n-6 PUFA, but also leukocyte chemotaxis, adhesion molecule, and inflammatory cytokines.(205) The role of ALA in reducing low-grade inflammation has been attributed to the potential of ALA to be a substrate for the synthesis of EPA and DHA and so to increase the serum concentrations of EPA or EPA+DPA and the content of EPA in mononuclear cells, such as neutrophils and monocytes.(206) Dietary carbohydrates and fiber may also play a role in inflammation. Observational studies suggested that there is a positive association between glycemic index and glycemic load and low-grade inflammation,(69, 70) and a negative association between dietary fiber and low-grade inflammation.(66) However, intervention studies do not support these associations consistently.(66, 69, 70) 
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Kuo(207) in a review assigns the role of dietary fiber on prevention of low-grade inflammation for the presence of body weight-related and body weigh-unrelated anti-inflammatory activity of fibers. The low energy density of a fiber-rich diet likely contributes to the body weight–related anti-inflammatory activity by curtailing the obesity-induced chronic inflammation. The fermentability of fiber and the consequent changes in the intestinal microbiome and/or their metabolites likely lead to the body weight–unrelated anti-inflammatory activity locally in the intestine and systemically. In fact, Authors(208, 209) showed a difference in the gut microbiota composition of bacterial species between obese and normal weight children and adolescents. Two trial studies in samples of pediatric-age subjects(210, 211) did not also provide strong support for a relationship between different types of carbohydrates and low-grade inflammation. On the one hand, Iannuzzi et al.(210) found a decrease in CRP in children and adolescents ages 7–13 years after following a low-glycemic hypocaloric diet for 6 months. However, CRP also decreased in high-glycemic hypocaloric diet groups, and therefore, the effect of glycemic index on the CRP biomarker is unclear. On the other hand, Rouhane et al.(211) found a decrease in CRP and IL-6 but not adiponectin in a group of obese girls ages 12–18 years who received recommendations for a low-glycemic-index diet for a 10-week period. However, IL-6 also decreased for the control group that received general recommendations for a healthy diet. In fact, only CRP and not IL-6 and adiponectin was lower in the low-glycemic-index group compared to the healthy diet group after intervention. However, this association was marginally significant (p=0.08).  In a prospective study, a higher dietary glycemic load but not dietary fiber intake, during puberty (9–15 years) predicted greater IL-6 concentrations in young adults (18–36 years). No relationship was found between the quality measurements of several carbohydrates and CRP or adiponectin.(212) In contrast, dietary fiber intake was negatively associated with CRP and positively associated with adiponectin but not with leptin in a cross-sectional study conducted with adolescents ages 14–18 years.(213) 
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The antioxidant vitamins, such as vitamin C, vitamin E, and the carotenoids, have been proposed as playing a role in low-grade inflammation.(69) Dietary antioxidants are substances in foods that significantly decrease the adverse effects of reactive species, such as reactive oxygen and nitrogen species, on normal physiological functioning in humans.(62) In a review based mainly on adult samples, Calder et al.(69) observed that, although intervention studies using supplements of those nutrients either alone or in different combinations did not provide consistent evidence of this relationship, observational studies provided a consistent picture of an anti-inflammatory effect of antioxidant vitamins. Three cross-sectional studies in pediatric-age subjects confirm that evidence,(166, 214, 215) although inflammatory biomarkers were not associated with vitamins in a consistent manner. Holt et al.(214) found that vitamin C intake was correlated with low levels of CRP and IL-6 but not with TNF-α, and intake of β-carotene was associated with low levels of IL-6 and TNF-α but not with CRP in adolescents ages 13–17 years. Aeberli et al.(166) demonstrated that the intake of vitamin C, vitamin E, and β-carotene was associated with high leptin levels but not with CRP or IL-6 in children and adolescents ages 6–14 years	  old.	  And	  finally,	  Garcı́a	  et al.(215) concluded that vitamins A, C, and E were negatively correlated with CRP in children ages 6-10.5 years old. In addition, interaction analysis showed that children who were overweight and obese and also had low concentrations of vitamin A had higher CRP. Bioactive food components are phytochemicals present in plant foods, especially in the pigmentation, and these are likely to be protective for low-grade inflammation when consumed as plant-based foods and not supplements.(69) The most studied of the phytochemicals are the polyphenols and carotenoids. Flavonoids are the most abundant polyphenols present in the human diet, and they can be divided into several classes including flavonols, flavones, flavanols or catechins, flavanones, anthocyanidins, and isoflavonoids.(216) It is difficult to determine the exact component or components that would be effective for reducing inflammation biomarkers because few studies have investigated the effects of an isolated bioactive compound. In fact, the food matrix is accompanied by several polyphenols that can exert additional synergistic functions; this limits the conclusions that can be drawn regarding the compounds that actually do 
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prevent low-grade inflammation.(217) Studies investigating the effect of flavonoids on inflammatory biomarkers are insufficient and are focused mainly on flavonoid-rich foods rather than on pure molecules;(218) however, evidence suggests that higher intakes of selected flavonoids are associated with modestly lower concentrations of several inflammatory biomarkers.(69) Aligning with the review by Calder et al.,(69) Holt et al.,(214) in a cross-sectional study of adolescents (ages 13–17 years), studied the correlation between total and five individual flavonoid intakes (three flavanols: kaempferol, myricetin, and quercetin; and two flavones: apigenin and luteolin,), consumed as foods and levels of CRP, IL-6, and TNF-α. Only luteolin was negatively correlated with TNF-α, after adjusting for confounders.  In fact, plant-based foods are recognized as rich in bioactive phytochemicals,(216) including those that have been widely studied such as flavonoids and carotenoids, and other unknown bioactive components that could be beneficial either alone or in combination.(219) Those bioactive compounds are recognized as having an anti-inflammatory effect, although their mechanisms remain poorly understood;(220) thereforethe the exact components and their dosages for supplementation purposes to reduce inflammation have not yet been identified.(217) Unlike supplementation, the food matrix is accompanied by a variety of substances that can exert additive and synergistic functions,(217) so the beneficial effects of those bioactive components and their diversity can also be attributed to additive and synergistic effects responsible for their potent antioxidant activities.(221) Selenium is considered an antioxidant mineral and its biological functions include defense against oxidative stress, regulation of thyroid hormone action, and regulation of the redox status of vitamin C and other molecules.(62) Selenium intake may also play a role on reducing inflammation,(222) however, studies in adolescents did not also provide strong support for this relationship. On the one hand, Del Mar Biblioni et al.(223) found that dietary selenium intake was correlated with low levels of leptin in a cross-sectional study in girls (ages 12–17 years); on the one hand, Murrer et al.(224) found no relationship between 
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selenium supplementation and CRP, IL-6, and leptin in a randomly trial study performed in overweight or obese adolescents (ages 10–18 years). 
Garcı́a	  et al.(215) also studied the relationship between several minerals and low-grade inflammation, and iron but not zinc was negatively correlated to CRP in a cross-sectional study of children ages 6–10.5 years. However, in adjusted linear regression, this association was not seen. Two cross-sectional studies(225, 226) found controversial results regarding the relationship between iron and low-grade inflammation, considering CRP, in overweight and obesity. While Tussing-Humphreys et al.(225) considered that overweight girls (mean age 14.5 years) have a greater risk for iron deficiency and that inflammation contributes to this, Ferarri et al.(226) concluded that the adiposity of the adolescents (mean age 14.9 years) was sufficient to cause inflammation but not sufficient to impair iron status and cause iron deficiency. Finally, magnesium may also play a role in potentiating inflammatory processes, by inhibiting proliferation and migration of vascular smooth muscle cells and macrophages and promoting plaque stabilization and regression.(227) Several adult-based studies(228-231) reported a relationship between low intake or serum magnesium and high CRP level. In accordance, mostly adolescent-based studies show the same relationship. Lopez-Alacón(232) showed a negative relationship between magnesium intake and levels of CRP in adolescents, mean age of 12 years; Rodríguez-Morán and Guerrero-Romero(233) showed an association between low serum magnesium and high CRP levels in adolescents ages 10-13 years;(233) and King et al.(234) reported that adolescents and children (ages 6–17 years) with intakes below the recommended dietary allowance are more likely to have elevated CRP levels. However, in contrast to previous studies, Del Mar Bibiloni(223) showed that magnesium was positively associated with IL-6 and no association with adiponectin and leptin, in girls (ages 12–17 years). 
Whole foods and food groups The intake of whole grains as opposed to refined grains was described as inversely associated with markers of low-grade inflammation in observational studies.(235-237) Intervention analysis provided conflicting results.(238-240) Although the mechanisms of this relationship are not precisely known, it is 
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believed that dietary fiber, vitamins, minerals, and phytochemicals are involved. The effect or association was measured especially for CRP but also for IL-6 in adult-based samples.(69) In a pediatric sample, a randomized crossover clinical trial showed an effect of high whole-grain intake compared with low intake on decreasing CRP and leptin serum after 6 weeks in overweight or obese girls ages 8–15 years.(241) Fruits and vegetables seem to be negatively associated with low-grade inflammation when treated as food groups together or separately in longitudinal (242) cross-sectional,(214, 243-255) and intervention(256, 257) studies based on adult samples. According to Calder et al,(69) when the focus was on a single variety of fruit or vegetable, interventional studies reported inconsistent results. Not only the quantity but also the variety of fruit and vegetables seems to be important; Bhupathiraju and Tucker(243) found an association between fruit and vegetable variety and low-grade inflammation in the elderly. In adolescents, Holt et al.(214) found that a high intake of fruits was correlated with low levels of CRP and IL-6 but not with TNF-α; high vegetable intake was correlated with low levels of IL-6 and TNF-α but not with CRP; and finally, high intake of fruits and vegetables treated together as a single group was correlated with low levels of all inflammatory biomarkers in studies conducted with adolescents ages 13–17 years.  Studies have assessed the relationship between fish intake and low-grade inflammation. The observational studies in adults(258-261) have not yet met with consensus, while two studies found an inverse relationship between fish consumption and CRP,(258, 259) IL-6, and TNF-α.(258) Two other studies(260, 261) did not find any relationship with CRP.(69) Studies of subjects of pediatric age are scarce and inconclusive. A cross-sectional study of children and adolescents ages 9–11 years old assessed fish consumption, total blood mercury, and phase-acute proteins. Subjects who consumed fish had higher levels of blood mercury. A high level of mercury was associated with several acute-phase proteins including C3.(262) Controversially, another study(263) reported that a higher level of blood mercury was associated with lower levels of TNF-α but not with cytokines. The authors did not directly report the relationship between fish consumption and 
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acute-phase proteins or cytokines, and they reported mercury levels well below the potential health risk level. The regular consumption by adults of beverages containing alcohol, such as wine or beer, has been reported in a review by Calder et al.(69) to be inversely associated with low-grade inflammation, where several studies reported a U-shaped relationship. A moderate daily intake of 1 to 2 drinks/day was often found to be associated with decreased concentrations of inflammatory biomarkers, especially for CRP.(69) In youth, a positive relationship between alcohol and low-grade inflammation is observed but is not reported in a U-shaped manner.(264, 265) In a cross-sectional study conducted among college students, the authors found that a session of heavy drinking of alcoholic beverages was associated with increased mean plasma TNF-α	   in	   males and a decrease in females, compared to controls.(264) In agreement, a prospective analysis showed that CRP levels were significantly higher in youth who used alcohol among children, adolescents and young adults ages 9–12, 13–16, and 19–21 years.(265) Considering milk and dairy products, in a cross-sectional study in healthy adults, Panagiotakos et al.(266) found that dairy consumption of 11–14 portions/week is associated with decreased levels of CRP, IL-6, and TNF-α levels compared to fewer than 8 portions/week. Considering intervention studies, reviews about relationship between dairy intake and low-grade inflammation in adults have been developed,(267, 268) but conclusions are contradictory. Labotene et al.(267) reviewed 8 studies and considered the data insufficient to suggest a beneficial or neutral impact of dairy on inflammation. Bordoni et al.(268) reviewed 52 clinical trials and developed an inflammatory score to measure low-grade inflammation. The authors concluded that dairy products might induce an anti-inflammatory effect, even for subcategories of dairy products: low fat, high fat, and fermented; this anti-inflammatory effect was stronger in persons with metabolic disorders, but a pro-inflammatory activity was observed in subjects allergic to bovine milk. In adolescents, studies are limited. In an intervention study about inflammatory adaptations to a short-term exercise intervention with and without milk intake in obese adolescents, Liu et al.(269) assessed a daily intensive exercise protocol 
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over one week and observed an elevation in TNF-α	  and no change in CRP or IL-6, and no differences between the milk group and the control group. Finally, nut intake and low-grade inflammation have also been studied in adult samples.(254, 270-272)	  Salas-Salvadó et al.(270) in a review study, Jiang et al.(271) in a cross-sectional study,  and Salas-Salvadó	  et	  al.(254) in a longitudinal study but not Ros et at.(272) in a intervention study agreed that frequent nut consumption is associated with lower concentrations of several inflammation biomarkers including CRP and IL-6. Data about adolescents are limited, but in agreement with adult data. In a randomized trial, Maranhão et al.(273) provided an amount of 15–25 g/day of Brazil nuts during 16 weeks to obese girls (mean age of 15.4 years) and found no effect on CRP when compared with a supplementation placebo. 
Dietary patterns  Approaches based on dietary patterns examine combinations of foods and nutrients. Taking into account that nutrients or foods are rarely eaten in isolation, dietary patterns consider synergistic or antagonistic interactions among foods components,(274) and may provide an advantageous approch. Dietary pattern research is generally based on two kinds of methods: a priori using diet scores or a posteriori using data-driven techniques such as factor analysis and cluster analysis.(69, 275) According to reviews by Barbareskoet al.(275) and Ahluwalia et al.,(276) most of the cross-sectional studies in adults(277-281) support a positive association between a Western dietary pattern using a posteriori techniques and inflammatory biomarkers. In adolescents, Del Mar Biblioni et al.(223) found a positive association between a Western dietary pattern and IL-6 but not with CRP, TNF-α,	  leptin, and adiponectin in girls ages 12–17 years.  A Mediterranean-style diet can be characterized as a dietary pattern rich in fruits, vegetables, whole grains, pulses, nuts, fish, and low-fat dairy products. It includes moderate amounts of wine and olive oil as a main source of fat.(69) Reviews of the results of adult-based studies,(69, 275, 276, 282) including cross-sectional(283-285) and intervention studies(286-288) strongly suggest that a Mediterranean-style diet can lead to reductions in low-grade inflammation, 
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especially in relation to CRP and IL-6. A meta-analysis(289) from randomized trials confirms that association and the beneficial effect on reducing CRP and IL-6 and increasing adiponectin. Antagonistically, another study did not find an association between a Mediterranean-style diet and CRP, IL-6, TNF-α,	  leptin,	  and	  adiponectin in girls ages 12–17 years.(223) Healthy Eating Index (HEI)(290) is a dietary score based on dietary guidelines and was inversely associated with an elevated CRP(235, 283, 291) and IL-6,(283, 292) in studies conducted among adults including a population-based study.(235) The Alternative Healthy Eating Index (AHEI)(293) is other dietary indices HEI-adapted and was also inversely associated with an elevated CRP(283) and IL-6(283) in cross-sectional(283) and longitudinal(294) studies conducted in adults.  Considering other index, the Dietary Approaches to Stop Hypertension (DASH)(295) was negatively associated with low-grade inflammation in adults.(296) In adolescents, adherence to the DASH diet, compared to the usual dietary advice, had a significant effect on serum CRP levels but not on IL-6, TNF-α, and adiponectin after 6 weeks of an intervention among girls ages 11–18 years.(297) The Dietary Inflammatory Index (DII) was developed to measure the inflammatory potential of diet in adults. DII is a literature-based tool that was designed by Cavicchia(298) and updated by Shivappa.(299) It scores an individual’s	  diet in a range from -8.87 to +7.98, and it is interpreted as strongly anti-inflammatory to strongly pro-inflammatory, respectively.  The DII was developed based on reviews about the role of food and dietary constituents on the following inflammatory biomarkers: CRP, TNF-α, and the interleukins -1β, -4, -6 and -10. The review pointed to 45 food parameters as nutrients and bioactive food components (alcohol, vitamin B12, vitamin B6, β-carotene, caffeine, carbohydrate, cholesterol, energy, eugenol, total fat, fiber, folic acid, garlic, ginger, iron, magnesium, MUFA, niacin, n-3 PUFA, n-6 PUFA, onion, protein, PUFA, riboflavin, saffron, saturated fat, selenium, thiamin, TFA, turmeric, vitamin A, vitamin C, vitamin D, vitamin E, zinc, green/black tea, flavan-3-ol, flavones, flavonols, flavonones, anthocyanidins, isoflavones, pepper, thyme/oregano, rosemary). These were scored as +1, -1 or 0, according to their inflammatory effects: pro-, anti-, or null, respectively. Antioxidant vitamins, 
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several flavonoids, dietary fiber, and n-3 PUFA are the parameters included in the DII that contribute to a more anti-inflammatory score. Total fat, SFA, and TFA are the parameters that contribute to a more pro-inflammatory score. Shivappa et al.(299) described an extensive list, including scores for food components that can have an effect on inflammation. This index was initially (in its first version) associated with CRP in apparently healthy adults(298) and seniors(300) and also linked to other inflammation biomarkers such as CRP, IL-6, and a combined inflammation biomarker score in adults and the elderly.(301) For the updated version, several studies found a correlation between DII score and CRP in adults and the elderly,(302) and CRP, IL-6, TNF-α, and a score of combined inflammatory biomarkers in postmenopausal women.(303)  A recent review considered the DII score useful for understanding the relationships between diet, inflammation, and cardiometabolic diseases.(304) Furthermore, the DII score has been used in several studies to predict mortality,(305, 306) survival(307), and diseases, especially cancer,(307-317) but also obesity,(318) cardiovascular disease,(319) metabolic syndrome,(318, 320) kidney function,(300) bone mineral density,(311) asthma,(321) and depression.(322)  Other dietary indices distinctly different in nature and based on dietary guidelines or specific health benefits were compared to the DII score.(323) The HEI,(290) the AHEI,(293) and the DASH(295) have been negatively associated with DII scored.(323) Wirth et al.(323) found that young adults (21–35 years old) with a lower inflammatory potential of the diet (lower scores in the DII) had healthier diets (higher scores of those indices). In addition, in a control trial,(324) overweight and obese adults were randomized into vegan, vegetarian, pesco-vegetarian, and omnivorous diets. DII scores were lower (that is, had more anti-inflammatory diet properties) for participants who followed a vegan, vegetarian, or pesco-vegetarian diet following 2 months of intervention compared to baseline. Another interesting comparison to the DII score was a simulation analysis of three different eating patterns: fast food, Mediterranean, and macrobiotic diets. 
  63 
Steck et al.(325) indicated a model meal plan and calculated the DII score for each eating pattern and concluded that a fast-food diet has pro-inflammatory properties (DII score = +4.07), while a Mediterranean-style diet and a macrobiotic diet have anti-inflammatory properties (DII score = -3.96 and -5.54, respectively).  Recently, a dietary pattern designated as the empirical dietary inflammatory index (EDII),(326) was developed to measure the inflammatory potential of diet based on food groups. The EDII works much like the DII score; higher values implied pro-inflammatory diet properties and lower values implied anti-inflammatory diet properties. A total of 18 food groups are considered in the EDII; 9 were positively associated with EDII, and the other 9 were negatively associated. All studies analyzed in relation to DII score were based on samples of adults or seniors. No study related to the DII score based on an adolescent sample was found.  

  
5. Aims 
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It is important understand the paper of dietary and nutrition intake on low-grade inflammation. Our aims try to responds some questions in this context. This thesis includes reports from studies with the following specific objectives: 
1. Paper I: To identify the main dietary fatty acids predictive of a low-grade inflammation state (measured by a set of biomarkers and an overall inflammatory biomarker score), considering others no nutritional important covariates, in adolescents. 
2. Paper II: To study the association between fruit, vegetable, vegetable soup, and “5-a-day” fruit and vegetable recommendation intakes with a set of inflammatory biomarkers and an overall inflammatory biomarkers score, in adolescents. 
3. Paper III: To study the association between fruit or vegetable variety and low-grade inflammation study the association of fruit and vegetable variety with low-grade inflammation, measured by four inflammatory biomarkers and one overall inflammatory biomarkers score, in adolescents. 
4. Paper IV: To study the association between the dietary inflammatory index score and inflammatory biomarkers, measured by four inflammatory biomarkers and one overall inflammatory biomarkers score, in adolescents.  

  
6. Methods 
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6.1. Design of LabMed Physical Activity Study 
This thesis is based on a cross-sectional analysis from baseline data (collected between October and December 2011) of the Longitudinal Analysis of Biomarkers and Environmental Determinants of Physical Activity Study (LabMed Physical Activity Study). The LabMed Physical Activity Study is a school-based prospective cohort study conducted in five schools in the north of Portugal, which aim is evaluate the independent and combined associations of dietary intake and fitness levels on blood pressure levels of adolescents. The study recruitment was conducted in participating schools that have collaboration agreements previously established with the Research Centre in Physical Activity, Health and Leisure (CIAFEL). 
6.1.1. Sample A sample size was estimated for the LabMed Physical Activity study, considering a prevalence of 14% for the combined healthy diet/physical activity pattern exposure.(327) We archived to a sample size of 1086 subjects, considering a power of 80% and two-tailed significance level of 5%, to detect 15% of difference between exposed and unexposed and a dropout rate of 20%. To fulfill the minimal sample size, all students from grades seven and ten were invited (N=1678) to participated. The criterion for participation was both the adolescents and their parents or legal guardian provided written informed consent (n=1229), although blood samples were collected only in subjects without known disease. All data were collected in schools, during the physical education classes. For this thesis, the sample comprises 412 apparently healthy adolescents (216 girls), between 12 and 18 years old, from an initial total sample of 1229 subjects that met the following criteria: undergone blood samples collection (n=534) and filled an accurate food-frequency questionnaire (n=622) (misreported dietary assessment excluded as explained in 6.2.2 Dietary intake assessment section (page 76). The sample selection is detailed in the flowchart above (Figure 2).  
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Figure 2: Flowchart of participants’  selection for this thesis 
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6.1.2. Ethical and legal requirements The LabMed Physical Activity study was conducted in accordance with the World 
Medical	   Association’s	   Helsinki	   Declaration	   for	   Human	   Studies.	   The	   Portuguese	  Data Protection Authority (#1112434/2011), the Portuguese Ministry of Science and Education (0246200001/2011), and the Faculty of Sport, University of Porto, approved the study. All participants in this study were informed of the 
study’s	   goals,	   and	   written	   informed	   consent	   was	   obtained	   from	   participating	  adolescents and their parents or legal guardian.  
6.2. Variables 
For this thesis, the variables included are listed in Table 2. The main variables groups are inflammatory biomarkers analyzed using blood samples, as dependents variables, and dietary and nutritional intake analyzed using food-frequency questionnaire, as independents variables. The other covariates were considered confounders and selected according to their potential influence on inflammatory biomarkers.(69, 70, 100) 
6.2.1. Inflammatory biomarkers assessment and the overall 
inflammatory biomarker score  After at least ten hours of fasting, participants in a sitting position donated a blood sample collected from the antecubital vein. The samples were refrigerated (4º–8°C) and sent to a laboratory to determine the inflammatory biomarkers: CRP by the latex-enhanced turbidimetric assay (Siemens Advia 1600/1800, Erlangen, Germany); IL-6 by the chemiluminescence immunoassay (Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA); C3 and C4 by the immunoturbidimetric assay (Siemens Advia 1600/1800, Erlangen, German).  Considering that an elevation in the concentration of inflammatory biomarkers can be minimal or absent in low-grade inflammation,(100) and no accepted international cut-points have been defined for adolescents, we have decided to 
consider	   the	   inflammatory	  biomarkers’	   sex- and age-adjusted median values in order to create two groups of participants: higher or lower (inflammatory state).  
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Table 2: Variables considered for this thesis according to papers 
Variables a Papers I II III IV 
D
ep
en
de
nt
s Inflammatory 
Biomarkers 
CRP (mg/dl,	  “higher”	  or	  “lower”	  values) x x x x 
IL-6 (ng/dl,	  “higher”	  or	  “lower”	  values) x x x x 
C3 (mg/dl,	  “higher”	  or	  “lower”	  values) x x x x 
C4 (mg/dl,	  “higher”	  or	  “lower”	  values) x x x x 
Overall inflammatory biomarkers scores (0-4 points, “0-1”	  or	  “2-4”	  biomarkers	  considered	  higher) x x x x 
In
de
pe
nd
en
ts
 Dietary and 
nutritional 
intake 
Energy intake (kcal/day) b, c x x x x 
Protein (%en) x    
Total carbohydrates (%en) x    
    Sugars (%en) x    
    Dietary Fiber (g/1000kcal) x    
Total fat (%en) x    
    SFA (%en) x    
    MUFA (%en) x    
    PUFA (%en) x    
        n-6 (%en) x    
            AA (%en) x    
            LA (%en) x    
        n-3 (%en) x    
            ALA (%en) x    
            EPA+DHA (%en) x    
    TFA (%en) x     Alcohol (%en) x     Vegetable (g/day, portions/day,	  “<3”	  or	  “≥3”	  portions/day) d  x     Fruit (g/day, portions/day,	  “<3”	  or	  “≥3”	  portions/day) e  x     Vegetable soup (g/day, portions/day,	  “<2”	  or	  “≥2”	  portions/day) f  x     Fruit and vegetable (portions/day,	  “<1”	  or	  “≥1	  to	  
<5”	  or	  “≥5”	  portions/day)  x     Vegetable variety (categories/month, tertiles)   x    Fruit variety (categories/month, tertiles)   x    DII score (-5.36 to 4.24, tertiles)    x      Alcohol (g/day) b    x      Vitamin B12 (μg/day) b    x      Vitamin B6 (mg/day) b    x      β-Carotene (μg/day) b    x      Caffeine (g/day) b    x      Total carbohydrate (g/day) b    x      Cholesterol (mg/day) b    x      Total fat (g/day) b    x      Fiber (g/day) b    x      Folic acid (μg/day)	  b    x      Green/black tea (g/day) b    x      Iron (mg/day) b    x      Magnesium (mg/day) b    x      MUFA (g/day) b    x      Niacin (mg/day) b    x 
I n d e p e n d e n t s Dietary and    n-3 PUFA (g/day) b    x 
  75 
nutritional 
intake 
   n-6 PUFA (g/day) b    x    Onion (g/day) b    x     Protein (g/day) b    x     PUFA (g/day) b    x     Riboflavin (mg/day) b    x     SFA (g/day) b    x      Selenium (mg/day) b    x      Thiamin (mg/day) b    x      TFA (g/day) b    x      Vitamin A (RE/day) b    x      Vitamin C (mg/day) b    x      Vitamin D (μg/day)	  b    x      Vitamin E (mg/day) b    x      Zinc (mg/day) b    x 
Co
nf
ou
nd
er
s Others 
covariates 
Sex (“boy”	  or	  “girl”) x x x x 
Age (years) x x x x 
Pubertal stage - Tanner	  A	  and	  B	  (“2”,	  “3”,	  “4”,	  or	  “5”) x x x x 
Body mass index (kg/m2,	  Cole’s	  categories) x x x x 
Socioeconomic status (0-9 points) x x x x 
Moderate-to-vigorous physical activity (min/day) x x x x 
Sedentary behaviour (min/day) x x x x 
Smoking habits (“non-smoker”,	  “former	  smoker”,	  
“occasional	  smoker”,	  or	  “current	  smoker”) x x x x Abbreviations: CRP, C reactive protein; IL-6, Interleukin 6; C3, Complement component 3; C4, Complement component 4; SFA, Saturated fatty acid; MUFA, Monounsaturated fatty acid; PUFA, Polyunsaturated fatty acid, n-6, Omega 6; n-3, Omega 3; AA, Araquidonic acid; LA, linoneic acid; ALA, Alpha-linolenic acid; EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid; TFA, Trans fatty acid; %en, energy intake percentage; DII, Dietary inflammatory index. a This table shows each variables considered and between brackets are the measurement units and/or description of categories. b These variables were considered to calculate DII score. c This variable was considered as confounder in fully adjusted models (Paper II, III, and IV). d This variable was considered as confounder in fruit, vegetable soup and vegetable variety fully adjusted models. e This variable was considered as confounder in vegetable, vegetable soup and fruit variety fully adjusted models. f This variable was considered as confounder in vegetable and fruit fully adjusted models.  The final median values for each category (higher/lower) were 0.11/0.92 mg/L for CRP, 1.90/4.20 ng/L for IL-6, 107.00/127.00 mg/dL for C3, and 17.00/25.55 mg/dL for C4. We have also calculated an overall inflammatory biomarker score, assigning one point to subjects who were above the sex- and age-adjusted medians and zero to those who were below, for each inflammatory biomarker and totaled all points assigned. The overall inflammatory biomarker score varies from zero to four points. Two categories were defined: 0–1 (49.9%) and 2–4 (50.1%) inflammatory biomarkers above the median. 
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6.2.2. Dietary intake assessment  A self-administered, semi-quantitative food-frequency questionnaire validated for a Portuguese population(328) and adapted to adolescents(329) was used to assess dietary intake in the previous 12 months. The food-frequency questionnaire lists 91 food and beverage items or categories with a standard portion size, nine response options (“from never or less than once per month” to 
“six or more times per day”), and a seasonal alternative. Blank lines were included for participants to add any food that was not listed. The portion size in grams was multiplied by the multiple/fraction of daily frequency intake and by a seasonality variation factor for each option selected, and dietary intake was estimated. The Food Processor Plus program version SQL (ESHA Research, Salem, OR, USA), supplemented with the Portuguese food-composition databases,(330, 331) was used to convert food to energy and nutrient intakes. We included only accurate food-frequency questionnaires, using the Goldberg cut-off method(332) adapted by Black,(333) for the determination and exclusion of dietary assessment misreporting. Thus, we calculated the basal metabolic rate using the Schofield equation,(334) considering sex and age, and a ratio energy intake/basal metabolic rate to compare with 95% confidence limits (cut-offs). The cut-offs for our sample were determined using the following: mean physical activity level, number of days of dietary assessment, within-subject coefficient of variation in energy intake, between-subject variation in physical activity, and variation in basal metabolic rate. The mean physical activity level was 1.23, calculated using accelerometer data (counts/minutes and daily use time) per the Trost equation.(335) We considered 21 days of dietary assessment, according to Black, for the food-frequency questionnaire.(333) The within-subject coefficient of variation in energy intake was calculated considering mean and standard deviation of energy intake in our sample and the number of dietary assessments. The between-subject variation in physical activity was calculated considering the mean and standard deviation of physical activity level in our sample. A figure of 8.5% was used for the coefficient of variation of repeated basal metabolic rate measurements, as Black suggested.(333) The cut-offs achieved were 0.61 and 2.48; therefore, adolescents with energy intake/basal metabolic rate outside of this 
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range were considered to have misreported dietary assessment, and 150 adolescents were excluded from the statistical analysis. 
6.2.2.1. Nutrients intake The nutrients intake considered were protein, total carbohydrates, sugars, dietary fiber, total fat, saturated fat acids (SFA), monounsaturated fat acids (MUFA), polyunsaturated fat acids (PUFA), trans fat acids (TFA), and alcohol. In relation to PUFA, we also determined total intake of n-6 PUFA, and following fatty acids: araquidonic acid (AA), linoneic acid (LA); and total intake of n-3 PUFA and following fatty acids: alpha-linolenic acid (ALA), eicosapentaenoic acid plus docosahexaenoic acid (EPA+DHA). The nutrients contribution of total energy intake (%en) was calculated considering 4kcal/g for protein, total carbohydrates and sugar, 9kcal/g for fat and 7kcal/g for alcohol. For dietary fiber intake, results were expressed as g/1000kcal. 
6.2.2.2. Fruit, vegetable, vegetable soup portions and the ‘5-a-day’  
recommendation To quantify the number of portion from food categories (fruits, vegetables and vegetable soup), we have summed the daily intake in grams of all items from each food group, and divided them by the mean portion size (160g for fruit or vegetable, 80g for green pulses), according to Food Guide for the Portuguese Population.(75)  For the fruit category, we have included apple/pear, orange/tangerine, banana, kiwi, strawberry, cherry, peach/plum, melon/watermelon, persimmon, fig/medlar/apricot, grape and papaya/mango; and excluded canned fruit in syrup and fruit juices because their sugar content is unknown.  For the vegetable category, we have considered white/savoy cabbages, bunch/portuguese cabbages, curly kale, broccoli, cauliflower/brussel sprout, turnip sprout/turnip greens/spinach, green been, lettuce/watercress, onion, carrot, turnip white, tomato, pepper, cucumber, as well green pulses in item peas/broad beans; and excluded potatoes and dried pulses because their starch content is very much higher than others foods in this group and because there is no consensus about inclusion of those foods in the vegetable category.(336)  
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For the vegetable soup, we have considered a portion size of 295g, and it was treated as a different food category because it is a single item from food-frequency questionnaire. Vegetable soup is considered an important source of vegetable intake in Portuguese diet, being consumed mostly as a starter of the main meals (lunch and dinner), and recommendation of two portions/day is usually recognized as an important Portuguese healthy dietary guideline. For the 5-a-day recommendation, we have totaled the number of portions of each food categories (fruit, vegetable and vegetable soup) to analyze adherence to the 5-a-day recommendation. The 5-a-day is a public health message and it is widespread and used in several countries to encourage individuals to achieve the goal of eating five or more daily servings of fruit and vegetable.(337) Participants were grouped according to daily portion intake, into low or 
adequate,	  of	  fruits	  (<3	  or	  ≥3	  portions/day),	  vegetables	  (<3	  or	  ≥3	  portions/day),	  
and	   vegetable	   soup	   (<2	   or	   ≥2	   portions/day),	   in	   accordance	   with	   Portuguese	  guidelines.(75) In addition, to analyze adherence to the 5-a-day recommendation, participants were grouped the	   in	   very	   low	   (<1	   portion/day),	   low	   (≥1	   to	   <5	  
portions/day),	  or	  adequate	  (≥5	  portions/day)	  fruit	  and	  vegetable	  consumptions. 
6.2.2.3. Fruit and vegetable variety The variety of intake of fruits and vegetables was defined by scores considering the total number of unique individual/categories of fruits or vegetables consumed at least once per month over the past 12 months; no point was attributed for consumption “< once per month”, while 1 point was given for an intake of “≥1 time per month”.  For the fruit variety, the score considered a maximum of 12 categories, as follows: apple/pear, orange/tangerine, banana, kiwi, strawberry, cherry, peach/plum, melon/watermelon, persimmon, fig/medlar/apricot, grape, and papaya/mango; it excluded candied fruit and fruit juices because their sugar content is unknown and also to avoid replicating the same fruit variety listed above.  For the vegetable variety, the score considered a maximum of 15 categories, as follows: white/savoy cabbages, bunch/Portuguese cabbages, curly kale, broccoli, 
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cauliflower/Brussel sprout, turnip sprout/turnip greens/spinach, green bean, lettuce/watercress, onion, carrot, turnip, tomato, pepper, cucumber, pea/broad bean; it excluded starchy vegetables like potatoes and dried pulses because their starch content is very different from other foods and because there is no consensus about the inclusion of these foods in the vegetable category.(336, 338) Adolescents were classified as having low-, medium-, and high-variety intake, according to the tertiles of the fruit and vegetable variety scores, considering the following: 1st tertile	   ≤	   6	   categories/month,	   2nd tertile 7–12 categories/month, and 3rd tertile	  ≥	  13	  categories/month	  for	  vegetable	  variety;	  and	  for	  fruit	  variety,	  1st tertile	   ≤	   9	   categories/month,	   2nd tertile 10–11 categories/month, and 3rd tertile = 12 categories/month. 
6.2.2.4. Dietary inflammatory index As explained above (in 4.2.4.3 Dietary and nutritional intake, na página 51), the DII is a literature-based tool(299) that	  measures	  the	  diet’	  inflammatory	  properties	  giving a score to each individual. The DII score points 45 food parameters (food parameter-specific overall inflammatory effect score) according to their inflammatory effects to achieve to a final score ranging from -8.87 to 7.98. This score is interpreted as strongly anti-inflammatory (lower values) to strongly pro-inflammatory (higher values). In this study, the DII score was calculated considering 31 food parameters (available on Table 2, page 73). Eugenol, garlic, ginger, saffron, turmeric, flavan-3-ol, flavones, flavonols, flavonones, anthocyanidis, isoflavones, pepper, thyme/oregano, rosemary were not included because no information was available for these components in the Food Processor nutritional database neither those herbs or spices were included in the food-frequency questionnaire. We calculated the DII score according described by Shivappa.(299) Briefly describing our calculation, first a mean and standard deviation were calculated for the 31 food parameters available because no global data for adolescent is available. Second, a z-score of each food parameter and for each participant was calculated. Third, each individual z-score was converted to a centred percentile. Fourth, each centred percentile was multiplied by its respective food parameter-
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specific overall inflammatory effect score, published by Shivappa(299), and then a food parameter-specific DII score is obtained. Finally, the 31 food parameter-specific DII score was totaled and an individual DII score was obtained. Our DII score values were ranging from -5.36 to 4.24, and it was categorized, based on tertiles values, in accordance with Shivappa,(302) considering low (1st tertile: <-1.34), medium (2nd tertile: -1.34 to 1.41), and high (3rd tertile: >1.41) pro-inflammatory dietary property. 
6.2.3. Others covariates assessment Other important key variables should be included in statistical analysis and it is a recommended practice,(70, 100) in order to control their effect on inflammatory biomarkers. So we considered the followed variables, recognized as important inflammatory biomarkers modifiers:(69, 70, 100) sex, age, physical activity, sedentary time, body mass index, and smoking habits. It seems important to include measure of pubertal stage, considering that we are working with adolescents, and also the socioeconomic status. 
6.2.3.1. Physical activity and sedentary time assessment GT1M Actigraph accelerometers (ActiGraph, Pensacola, Florida, USA) were used to assess physical activity and sedentary time. This is a lightweight, biaxial monitor that adolescents wore attached tightly at the hip on the right side of the body with the notch facing upwards. It was used during all waking hours and removed during water-based activities for five consecutive days (three weekdays and two weekend days). The epoch length was set to 2 seconds to allow a more detailed estimate of physical activity intensity. An automated data-reduction program (ActivLive 6.12, ActiGraph, Pensacola, Florida, USA) was utilized to analyze accelerometer data from individual participants. Non-wearing time was considered when 60 minutes of consecutive zeros were flagged. A valid day was considered to consist of at least 8 hours of accelerometer use. The participants had to have at least three valid days to be included (two weekdays and one weekend day). This combination of hours and days was studied to achieve a reliability of 90%.(339) 
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After screening, the cut-points proposed by Evensons et al(340) were used to determine physical activity intensities according to the raw activity counts. Physical activity was expressed in mean counts/min and also in estimates of the time spent in moderate-to-vigorous physical activity and sedentary time, using minutes/day. 
6.2.3.2. Anthropometric data  Weight and height were measured with a scale (TANITA Inner Scan BC532, Tokyo, Japan) and a stadiometer (SECA 213, Hamburg, Germany) respectively, with the adolescent standing upright, lightly dressed, and without shoes. We calculated the body mass index from the ratio of weight (kg) to height squared (m2),	   and	   adolescents	   were	   classified	   according	   to	   Cole’s	   body	   mass	   index	  categories into underweight, normal weight, overweight and obese.(341) 
6.2.3.3. Pubertal stage  Adolescents self-reported their pubertal stage relatively to secondary sex characteristics, according to the criteria of Tanner and Whitehouse.(39) The pubertal development is assigned on a scale from 1 (prepubertal) to 5 (adult). There are two different charts, Tanner A and B, by sex. Tanner A indicates the stage of breast development in girls and genitalia development (penis size and testicular volume) in boys; and Tanner B indicates the stage of public hair distribution in both sexes.(41) This	  assessment	  based	  on	  Tanner’s	  charts	  can	  be	  performed by a physician or to be self assessed, maintaining the privacy of the adolescent in the second option.(342)  
6.2.3.4. Socioeconomic status  The family affluence scale was used to assess socioeconomic status of adolescents.(53) This is a self-filled questionnaire considering things about 
adolescents’	  family	  as	  such	  number	  of	  car,	  bedrooms,	  vacations,	  computers,	  and	  other. This scale was developed specifically to measure children and adolescents socioeconomic status in the context of the Health Behaviour in School-Aged Children Study and ranks the participants from 0 to 9 (from lower to highest socioeconomic status).(53) 
  82 
6.2.3.5. Smoking habits Adolescents self-reported their smoking habits and were classified according to 
the	  World	   Health	   Organization’s	   criteria(343) as: non-smokers, former smokers (individuals who had stopped smoking for at least 6 months), occasional smokers (individuals who smoked, on average, less than one cigarette a day), and current smokers (individuals who smoked at least one cigarette a day). 
6.3. Statistical Analyses 
The statistical analysis was performed, as described in Table 3, using the statistical package SPSS®, version 21.0 (SPSS Inc., Chicago, IL, USA), considering a 0.05 level of significance and 95% CI (confidence interval).  
Participants’	  characteristics	  are	  presented	   in	  global	  and	  by	  sex.	  Qui-square test for categorical variables, Student T test for continuous normally distributed variables, and Mann-Whitney U test for skewed variables were used to assess differences	  between	  variables.	  Spearman’s	  test	  was	  used	  to	  verify	  the	  correlation	  between dietary components and dietary inflammatory index (DII).  
Table 3: Statistical analysis methods considered for this thesis 
Statistical methods Papers I II III IV 
Descriptive 
Percentages  x x x x Median x x x x Interquartile range x x x x Mean    x Standard deviation    x 
Associations 
Mann-Whitney U test x x x x Student T test x    Qui-square test x x x x 
Spearman’s	  correlation	  tests    x 
Models Binary logistic regression x x x x  To estimate the magnitude of association between dietary and nutritional intake variables and inflammatory biomarkers we have constructed crude and adjusted binary logistic regression models considering odds ratio (OR), 95% confidence intervals (95%CI), and p values for trend (ptrend). Categories of each inflammation biomarker and the overall inflammation biomarkers score were 
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considered, as dependent variables, dietary and nutritional intake variables, as predictors, and other variables, as confounders. For the fully adjusted models, confounders are summarized in Table 2. Dietary and nutritional intake variables included as predictors in the models were as following: 
 Paper I: tertiles of SFA, MUFA, AA, LA, ALA, EPA+DHA, and TFA, using the first tertiles as reference, that entered into regression models together; 
 Paper II: categories of fruit, vegetable, vegetable soup portions and the 5-a-day recommendation, using the major portion as reference, in separated regression models; 
 Paper III: tertiles of fruit variety and vegetable variety, using the first tertiles as reference, in separated regression models; 
 Paper IV: DII score in tertiles, using the first tertiles as reference. To calculate the power of each model was used G*power software, version 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007). Post hoc for logistic regression was performed for each statistically significant model, considering the sample size and odds ratio of the model, a null hypothesis value of 0.5, and two-tailed significance of 5%, achieving statistical powers higher than 0.80 for all models.  
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7.1. PAPER I 
 
Fatty-acids intake and low-grade inflammation in Portuguese 
adolescents: the LabMed physical activity study.   [Submitted for publication]   
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Short Title: Fatty acids and inflammation in adolescents 19 
Abstract: Low-grade inflammation is considered an important factor in chronic 20 
disease development and may be influenced by diet. We performed a cross-sectional 21 
study in 412 adolescents (14.9±1.72 years), mostly girls (52.4%), to study the 22 
association between fatty-acid intake and low-grade inflammation. We assessed fatty 23 
acids in percentage of energy intake (%en), determined by a food-frequency 24 
questionnaire, and then we categorized them into tertiles. We collected blood samples 25 
to assess C-reactive protein, interleukin-6, and complement components 3, and 4, and 26 
create categories of lower or higher (inflammatory state) for each biomarker, 27 
considering sex- and age-adjusted median values. An overall inflammatory biomarker 28 
score was computed by adding the biomarkers in the categories (it was assigned one 29 
point if it was higher or zero if it was lower), and classified as 0–1 or 2–4 biomarkers 30 
above the median (lower or higher inflammatory state). Odds ratio (OR) and 95% 31 
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interval confidence (95%IC) were calculated by binary logistic regression, adjusted for 32 
confounders. Adolescents with a higher consumption of saturated fatty acids (SFA) 33 
(≥11.12%en), compared  with  lower  (≤9.72%en),  had higher odds of having a higher 34 
interleukin-6 (OR=2.16, 95%IC:1.02-4.56, ptrend=0.05), and the inflammatory score 35 
(OR=2.51, 95%IC:1.20-5.27, ptrend<0.05). Higher intakes of   α-linolenic acid (ALA) 36 
(≥0.50%en) and eicosapentaenoic plus docosahexaenoic acids (EPA+DHA) 37 
(≥0.22%en), compared  with  lower  (≤0.42%en and 0.12%en, respectively), had lower 38 
odds of having a higher inflammatory score (OR=0.49, 95%CI:0.26-0.95 and 39 
OR=0.46, 95%CI:0.23-0.93, respectively, ptrend<0.05 for both). Greater intakes of ALA 40 
and EPA+DHA and a smaller intake of SFA can be protective for low-grade 41 
inflammation in adolescents. 42 
Keywords: Saturated fatty acids (SFA); n-3 PUFA, ALA; EPA; DHA; C-reactive 43 
protein (CRP); interleukin-6 (IL-6); complement component 3 (C3); complement 44 
component 4 (C4); and inflammatory biomarker score.   45 
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Introduction 46 
Inflammation is an essential component of immunity and acts as a host defence.(1) 47 
Acute inflammation is a physiological response to injury, and so when it is controlled, it 48 
is very important to health. However, in chronic inflammation, the regulation is lost and 49 
it can become a pathological process.(2) 50 
Low-grade inflammation is characterized by raised blood concentrations of 51 
inflammatory biomarkers,(3) such as acute phase proteins and cytokines,(2) and this 52 
increase in systemic inflammatory biomarkers can be minimal or absent, unlike what 53 
happens with chronic or acute inflammation.(2) 54 
In adults, low-grade inflammation has been correlated with a set of chronic 55 
conditions,(1; 2) such as obesity,(4) diabetes,(4; 5) cardiovascular diseases,(6; 7) and 56 
cancer.(8; 9) This association has also been found in the paediatric age for obesity,(10; 11) 57 
metabolic syndrome,(12; 13) and atherosclerosis.(14) 58 
Nutrition is an important regulatory factor in immune response, because an optimal 59 
nutrition is required for a healthy immune balance: if, on the one hand, malnutrition 60 
leads to immunosuppression and, on the other hand, overnutrition increases the 61 
susceptibility to an inflammatory condition.(15) Many foods, nutrients, and non-nutrient 62 
food components modulate inflammation.(1) Calder et al.(3) reviewed several nutritional 63 
factors and identified the most relevant and major contributors to inflammation: 64 
polyunsaturated fatty acids (PUFA), especially omega-3 (n-3) PUFA, vitamin C, 65 
vitamin E, and carotenoids as protective nutrients; alcohol intake works in a U-shape 66 
for low-grade inflammation, and one or two daily alcoholic beverages as more 67 
protective; and saturated fatty acids (SFA) and trans fatty acids (TFA), as promoters of 68 
inflammation. The results of this review were based almost entirely on studies based on 69 
adult samples, since studies with children and adolescents are scarce, and, therefore, 70 
not much is known about the relationship between nutrient intake and low-grade 71 
inflammation in adolescents. In fact, the study of the associations between dietary 72 
intake and inflammatory biomarkers in healthy young populations is recognized as 73 
challenging.(16) 74 
The early identification of a biomarker with diagnostic value to prevent future damage 75 
or facilitate early treatment is desirable;(17) however, the best biomarker or set of 76 
biomarkers that can fully describe the low-grade inflammation state is not yet 77 
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defined.(1; 2; 3) Therefore, approaches that use a cluster of biomarkers to describe the 78 
inflammatory state seem sensible.(1) 79 
In this context, we aimed to study the main dietary fatty acids as predictors of 80 
low-grade inflammation, measured by a set of biomarkers and an overall inflammatory 81 
biomarker score, in apparently healthy adolescents. 82 
Materials and Methods 83 
Subjects and Study Design 84 
The present study uses baseline data from a school-based prospective cohort study 85 
carried out in five schools in the north of Portugal (2011), that have collaboration 86 
agreements previously established with our research Centre. This is the Longitudinal 87 
Analysis of Biomarkers and Environmental Determinants of Physical Activity Study 88 
(LabMed Physical Activity Study), which the main aim is evaluate the associations of 89 
dietary intake and fitness levels on blood pressure levels of adolescents. The full 90 
description of this study is reported elsewhere.(18; 19)  91 
Briefly, the Sample size was previously estimated in 1086 subjects, considering a 92 
prevalence of 14% to the combined healthy diet/physical activity pattern exposure,[40] 93 
for have a power of 0.80, a 2-tailed significance of 5%, and an expected dropout rate of 94 
20%. So, all students from 7th and 10th grade were invited (N=1678), and who 95 
accepted entry in the study (n=1229), although only the subjects that had absence of 96 
known disease undergone blood sampling. The measurements were conducted at 97 
schools. 98 
For this cross-sectional, the sample comprised 412 healthy adolescents (12–18 years 99 
old), most girls (n=216), which simultaneously accepted to undergo blood sampling 100 
(n=534), and fulfilled an accurate (misreporting excluded, as described in 2.4. Dietary 101 
intake assessment) food-frequency questionnaire (n=622). 102 
Ethical issue 103 
The LabMed Physical Activity Study were performed in accordance with the World 104 
Medical  Association’s  Helsinki  Declaration  for  Human  Studies,  participants  and  their  105 
parents/guardians provided written informed consent. Also, ethical approval were 106 
obtained by the Portuguese Data Protection Authority (#1112434/2011), the 107 
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Portuguese Ministry of Science and Education (0246200001/2011), and the Faculty of 108 
Sport, University of Porto. 109 
 110 
Inflammatory biomarkers assessment and inflammatory biomarkers score 111 
Blood samples collection was performed after a minimal of ten hours of fasting, 112 
refrigerated (4º-8°C), and sent to laboratory to determine the inflammatory biomarkers. 113 
High sensitive C-reactive protein (CRP) was assessed by the Latex-enhanced 114 
turbidimetric assay (Siemens Advia 1600/1800, Erlangen, Germany); Interleukin-6 115 
(IL-6), by the Chemiluminescence immunoassay (Immulite 2000, Diagnostic Products 116 
Corporation, Los Angeles, CA) to determine); and Complement component 3 (C3) and 117 
4 (C4), by the Immunoturbidimetric assay (Siemens Advia 1600/1800, Erlangen, 118 
German). 119 
Considering that the increase of inflammatory biomarkers in low-grade inflammation 120 
can be minimal or absent,(2) and the lacking of accepted international cut-points for 121 
adolescents, participants were grouped in two categories based on median values 122 
adjusted for age and sex: lower or higher (inflammatory state). The final medians of 123 
each category (lower/higher) were 0.11/0.92 mg/L for CRP, 1.90/4.20 ng/L for IL-6, 124 
107.00/127.00 mg/dL for C3, and 17.00/25.55 mg/dL for C4. 125 
We calculated an overall inflammatory biomarker score assigning one point to subjects 126 
who were above the sex-age-adjusted medians or zero for subjects who were below, for 127 
each inflammatory biomarker, and summing all points assigned. The overall 128 
inflammatory biomarker score varies from zero to four points. Two categories were 129 
defined: 0-1 (49.9%) or 2-4 (50.1%) inflammatory biomarkers above the median. 130 
Dietary intake assessment 131 
Dietary intake was assessed by validated self-administered semi-quantitative 132 
food-frequency questionnaire for Portuguese population,(20) and adapted to 133 
adolescents.(21) It measures the food consumption in previous 12 months by a list of 91 134 
food  and  beverage  items  or  categories,  with  nine  frequency  possibilities  (from  “never  135 
or  less  than  once  per  month”  to  “six  or  more  times  per  day”),  with  a  standard  portion  136 
sizes, and with a seasonality option. There is still space available for inclusion of any 137 
food not listed. Dietary intake quantification was made multiplying the portion size in 138 
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grams by the multiple/fraction of daily frequency intake, and by a seasonality variation 139 
factor. Food to energy and nutrients intake conversion was performed using The Food 140 
Processor Plus program version SQL (ESHA Research, Salem, OR, USA). This 141 
database was supplemented with the Portuguese food composition databases.(22; 23) 142 
We excluded food-frequencies questionnaire with implausible energy intake reported 143 
by determination of dietary assessment misreporting, using the Goldberg’ cut-off 144 
method,(24) adapted by Black.(25) Briefly, the Schofield equations(26) were used to 145 
estimate the basal metabolic rate. A ratio energy intake/basal metabolic rate was 146 
compared with 95% confidence limits (cut-offs). The cut-offs were calculated using 147 
five parameters: 1) the sample mean physical activity level, calculated from 148 
accelerometers data (as explained forward), using counts/minutes and daily use time, as 149 
Trost equation,(27) reaching a value of 1.23; 2) the days of diet assessment was 150 
considered in 21, as Black recommendation for food-frequency questionnaire;(25) 3) the 151 
within-subject coefficient of variation in energy intake, calculated considering mean, 152 
standard deviation of energy intake in our sample and number of diet assessment; 4) the 153 
between-subject variation in physical activity, calculated considering mean and 154 
standard deviation of physical activity level in our sample, avoiding the use of 155 
theoretical values; 5) the coefficient of variation of repeated basal metabolic rate 156 
measurements, considered a figure of 8.5%, as Black indication.(25) The cut-offs 157 
achieved were 0.61 and 2.48; then, adolescents with energy intake/basal metabolic rate 158 
below 0.61 and over 2.48 were excluded from statistical analysis (n=150), by reason of 159 
dietary intake misreporting. 160 
The nutrients intake considered were protein, total carbohydrates, sugars, dietary fiber, 161 
total fat, saturated fat acids (SFA), monounsaturated fat acids (MUFA), 162 
polyunsaturated fat acids (PUFA), trans fat acids (TFA), and alcohol. In relation to 163 
PUFA, we also determined total intake of n-6 PUFA, and following fatty acids: 164 
araquidonic acid (AA), linoneic acid (LA); and total intake of n-3 PUFA and following 165 
fatty acids: alpha-linolenic acid (ALA), eicosapentaenoic acid plus docosahexaenoic 166 
acid (EPA+DHA). The nutrients contribution of total energy intake (%en) was 167 
calculated considering 4kcal/g for protein, total carbohydrates and sugar, 9kcal/g for fat 168 
and 7kcal/g for alcohol. For dietary fiber intake, results were expressed as g/1000kcal. 169 
 170 
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Covariates 171 
Other important key variables should be included in our models and it is a 172 
recommended practice,(1; 2) in order to control their effect on inflammatory biomarkers. 173 
So we considered the followed variables, recognized as important inflammatory 174 
biomarkers modifiers:(1; 2; 3) sex, age, physical activity, sedentary time, body mass 175 
index, and smoking habits. It seems important to include measure of pubertal stage, 176 
once we are working with adolescents, and also the socio-economic status, because 177 
social disadvantage have been associated with increased inflammation in 178 
adolescence.(28; 29; 30) 179 
Physical activity and sedentary time assessment: To measure physical activity and 180 
sedentary  time,  we  used  accelerometer’s  data  from  the  GT1M  Actigraph  (ActiGraph,  181 
Pensacola, Florida, USA). This is a lightweight and biaxial monitor that participants 182 
wore tightly attached to the waist (on the right side of hip), over five consecutive days 183 
(three weekdays and two weekend days), during waking hours and removed it during 184 
sleep and water-based activities. The epoch length was set to 2 seconds to allow a more 185 
detailed estimate of physical activity intensity. 186 
We work with an automated data reduction program (ActivLive 6.12, ActiGraph, 187 
Pensacola, Florida, USA) to treat accelerometer data. Each 60 minutes of consecutive 188 
zeros were detected as non-wear time and at least 8 hours of data were considered as a 189 
valid day. To be included, adolescents had to have at least two weekdays and one 190 
weekend valid day. This combination of hours and days were studied to achieve a 191 
reliability of 90%.(31) 192 
The time spent in different physical activity intensities and sedentary time was 193 
determined   by   the   raw   activity   “counts”,   considering   Evenson’s   et   al   cut-points.(32) 194 
Moderate-to-vigorous physical activity and sedentary time were expressed as average 195 
minutes per day. 196 
Anthropometric assessment data: Height and weight were assessed with a portable 197 
stadiometer (SECA 213, Hamburg, Germany) and an electronic scale (TANITA Inner 198 
Scan BC532, Tokyo, Japan), respectively, according to standard procedures.(33) Body 199 
mass index was calculated from the ratio of weight (kg) to height squared (m2) to 200 
classified  participants  according  to  Cole’s  cut-offs.(34)  201 
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Pubertal stage: Self-assessment of pubertal stage, from 1 to 5, relatively the secondary 202 
sex characteristics was performed, according to the criteria of Tanner and 203 
Whitehouse.(35) Tanner A measured the stages of breast (in girls) and genitalia (in 204 
boys) development; and Tanner B measures the stages of public hair distribution in 205 
both sexes. 206 
Socio-economic status: Adolescents self-reported their socio-economic status with the 207 
Family Affluence Scale,(36). This  scale  ranks  adolescents’  socio-economic status from 0 208 
to 9, considering higher scores as higher socioeconomic status. 209 
Smoking habits: Smoking habits were self-reported and coded according to the World 210 
Health Organization criteria: non-smokers, former smokers, occasional smokers, and 211 
current smokers. (37)  212 
Statistical Analyses 213 
Participants’  characteristics  are presented as percentages for categorical variables, and 214 
as means and standard deviation for continuous variables. To assess differences 215 
between sexes, we performed Qui-square test (for categorical variables), Student T test 216 
(for continuous normally distributed variables) and Mann-Whitney U test (for 217 
continuous non-normally distributed variables). We also used Qui-square test to assess 218 
differences between inflammatory biomarkers categories and nutrient intakes tertiles in 219 
percentage of energy or g/1000kcal (for dietary fiber). 220 
Binary logistic regression models were constructed to estimate the magnitude of 221 
association between fatty acids intake and low-grade inflammation, by odds ratio (OR) 222 
and 95% confidence interval (CI) calculation. We considered inflammatory biomarkers 223 
and the overall inflammatory biomarkers score as dependent variables; fatty acids 224 
(SFA, MUFA, AA, LA, ALA, EPA+DHA, and TFA) as predictors, that entered in the 225 
regression models together. We performed a crude models, sex-adjusted models, and 226 
fully adjusted models, that were adjusted for sex, age, pubertal stage (Tanner A and B), 227 
body mass index, socio-economic status, sedentary time, moderate-to-vigorous 228 
physical activity, smoking habits.  229 
Post hoc power calculations were performed considering our sample size, our range of 230 
odds ratio, a null hypothesis value of 0.5, and 5% of significance, achieving powers of 231 
≥0.88 for all statistically significant models. 232 
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A 0.05 level of significance and 95% CI were considered. Data analysis was performed 233 
using the statistical package SPSS®, version 21.0 (SPSS Inc., Chicago, IL, USA) and 234 
G*power, version 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007), were used to power 235 
calculation. 236 
Results 237 
The sample characteristics are presented in table 1. Girls presented on average a lower 238 
CRP, less alcohol intake, less moderate-to-vigorous physical activity, lower energy 239 
intake and a higher sedentary time than boys (p<0.05 for all). 240 
As depicted in table 2, adolescents that consumed less ALA (≤0.42%en) had higher 241 
prevalence of have a higher overall inflammatory biomarker score (p<0.05), this is 2 to 242 
4 inflammatory biomarkers above the median. 243 
As it can be observed in table 3, adolescents with higher intake of SFA (≥11.12%en),  244 
when  compared  with  a  lower  intake  (≤9.72%en),  had a higher odds of having a higher 245 
IL-6 in all models, p for trend <0.05 for crude and sex-adjusted model, however fully 246 
adjusted was marginally significant for trend (OR=2.16, 95%CI:1.02-4.56, 247 
ptrend=0.051). The higher intake of SFA was also inversely associated with the overall 248 
inflammatory biomarker score (OR=2.51, 95%CI:1.20-5.27, ptrend=0.015), in fully 249 
adjusted model. In addition, adolescents with higher consumption of ALA (≥0.50%en) 250 
and EPA+DHA (≥0.22%en),   than   adolescents   with   lower   intake   (≥0.42%en   and  251 
≥0.12%en,   respectively), had a lower odds of having high overall inflammatory 252 
biomarkers score (OR=0.49, 95%CI:0.26-0.95, and OR=0.46, 95%CI:0.23-0.93, 253 
respectively), p for trend <0.05 for both in fully adjusted models. 254 
Discussion 255 
The main finding of this study suggests that the fatty acids that have greater influence 256 
on low-grade inflammation in adolescents are SFA, acting as pro-inflammatory dietary 257 
factors, and ALA, EPA, and DHA, acting as anti-inflammatory dietary factors. Intake 258 
of SFA had an impact on IL-6 and the overall inflammatory biomarker score, while 259 
intake of ALA, EPA, and DHA have showed an influence on the overall inflammatory 260 
biomarkers score (based on four inflammatory biomarkers). These results support the 261 
recommendations of consuming n-3 PUFA, especially for ALA, EPA, and DHA, and 262 
of limiting the SFA intake as important factors for the prevention of a low-grade 263 
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inflammation state. To the best of our knowledge, no prior study has specifically 264 
analysed the main fatty acids predictors, namely AA, LA, ALA, EPA and DHA, of 265 
low-grade inflammation in apparently healthy adolescents. 266 
We showed that SFA daily intake higher than 11.1% of energy intake significantly 267 
increased in more than two times the odds of having a higher IL-6 or two to four 268 
inflammatory biomarkers above the median (our overall inflammatory biomarker score 269 
in categories). In accordance with our results, Kalogeropoulos et al.(38) have reported 270 
that IL-6 had positive sex-adjusted correlation with dietary SFA and was predicted by a 271 
higher concentration of plasma SFA, after adjustment for confounders, in a 272 
cross-sectional study in healthy adult Greeks. However, Aeberli et al.,(39) in a 273 
cross-sectional study conducted in Swiss children and adolescents ages between 6 to 14 274 
years old, found no association between SFA and IL-6, but did CRP, contrary to our 275 
findings. We have showed no association between SFA and CRP. In accordance with 276 
our results, Santos et al.(40) reviewed evidence regarding the association of SFA with 277 
inflammatory biomarkers and showed that most studies (3 in 5) reported no significant 278 
associations. 279 
For n-3 PUFA, we have also shown that ALA and EPA+DHA daily intakes of 0.50% 280 
and 0.22% of energy intake or more, respectively, significantly reduced about half the 281 
odds of having two to four inflammatory biomarkers above the median (our overall 282 
inflammatory biomarker score in categories). Other authors have also found an 283 
influence of n-3 PUFA on inflammatory biomarkers in adult-based samples. 284 
Poudel-Tandukar et al.(41) showed that dietary intake of ALA was inversely associated 285 
with CRP levels among Japanese men and Navarro et al.(42) and Kubota et al.(43) showed 286 
that EPA and DHA intake was associated with decreased CRP levels in Americans and 287 
Japanese, respectively. In contrast, Aeberli et al.(39) reported a positive relationship 288 
between PUFA (no distinction between fatty acids, so n-3 and n-6 PUFA were treated 289 
together) and CRP in children and adolescents. However, the roles of n-3 and n-6 on 290 
inflammation are different. In fact, Calder et al.(44) reviewed the role of marine n-3 291 
PUFA on inflammatory processes and concluded that EPA and DHA are able to partly 292 
inhibit a number of aspects of inflammation, including production of eicosanoids from 293 
the n-6 PUFA. The role of to ALA in reducing low-grade inflammation has been 294 
attributed to the potential of ALA to be a substrate for the synthesis of EPA and DHA 295 
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and so to increase the serum concentrations of EPA or EPA+DPA and the content of 296 
EPA in mononuclear cells, such as neutrophils and monocytes.(45) 297 
In addition, the recommended daily intake of EPA+DHA fatty acids for adults, found 298 
especially in fish and fish oil, varies from 250 to 500mg/day, or up to 0.06% to 0.12% 299 
of energy intake.(46) Our results suggest that, in order to prevent low-grade 300 
inflammation,  adolescents  may  require  a  higher  intake  of  these  fatty  acids  (≥0.22%en);;  301 
nevertheless, our cross-sectional design precludes us from establishing a dose-response 302 
relationship. Indeed, the study of dose-response relationships between EPA+DHA and 303 
inflammation is timely, and some have suggested that a dose of at least 2g/day, a value 304 
that is also above the recommended, might be needed to prevent low-grade 305 
inflammation.(44) Regarding ALA, which is found especially in seeds, nuts, vegetable 306 
oils, and green leaves, the cut-off in our study (≥0.5%en) coincided with the minimal 307 
recommended range (varying from 0.5% to 2%, between several organizations, or 308 
1.1-1.6g/day),(46) so an intake in accordance with the recommendations seems to be 309 
protective against low-grade inflammation. However, no consensus is found in the 310 
quantities of ALA necessary to reduce inflammatory biomarkers, but some authors(47; 311 
48) referred to a quantity above the recommendation. Review studies about 312 
dose-response relationships have indicated that, on the one hand, a minimum of 313 
14g/day(47) is necessary to reduce inflammatory biomarkers, and, on the another hand, a 314 
quantity of 4.5g/day(48) is sufficient. Considering intervention studies, a recent 315 
randomized study in obese adult Chinese showed that 4.0g of ALA daily for 12 weeks 316 
decreased serum concentration of IL-6 and tumour necrosis factor-α,   after   weight  317 
reduction, compared with the before-ALA treatment in the intervention group and the 318 
after-placebo treatment in the control group.(49) 319 
Interestingly, our inflammatory biomarker score was stronger in showing the 320 
relationship between fat intakes than a single biomarker, in the fully adjusted model. In 321 
fact, the inflammatory biomarkers in general are considered non-specific 322 
pro-inflammatory response markers in healthy people,(1) and our overall inflammatory 323 
biomarker score was shown to be a more complex and integrated assessment of 324 
low-grade inflammation rather than just an inflammatory biomarker alone. This score 325 
considers who is above the median adjusted for age and sex, taking into account the 326 
effects of all inflammatory biomarkers, those that were shown to have a relationship 327 
with fat intake (as IL-6 for SFA) and those that did not (as CRP, C3, and C4), and it 328 
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seems to represent better low-grade inflammation in this group of adolescents. With 329 
this inflammatory score, there was more possibility to overcome the limitation to study 330 
the associations between dietary intake and inflammatory biomarkers in a healthy 331 
young population, than was previously recognized.(16) Other authors have used other 332 
inflammatory scores, with different biomarkers, as in the finding of van Bussel et al.(50) 333 
that some healthy diet parameters were associated with less low-grade inflammation. 334 
This finding was measured by an inflammatory biomarker score in a longitudinal study 335 
in Dutch adults. To the best of our knowledge, no other prior study has shown a 336 
relationship between fatty acids and an inflammatory score. 337 
The strengths of this study include, beyond the novelty of its aim, the use of objectively 338 
measured physical activity,(51) and sedentary time(52) as covariates, since physical 339 
activity is an important inductor of an anti-inflammatory environment and sedentary 340 
time is a risk factor for cardiovascular health, independent of physical activity levels. In 341 
addition, we only used the accurate food-frequency questionnaires, according to 342 
Goldberg’s  method.(25) Indeed, this method is useful in evaluating the mean population 343 
bias in reporting energy intake and recommends the use of information on physical 344 
activity, as in our study. Moreover, we include in our study important biological and 345 
lifestyle variables such as age, body mass index, sex, and smoking, all considered 346 
important modifiers of inflammatory biomarkers concentration.(1; 2) Another strength of 347 
our study is the use of a set of inflammatory biomarkers, rather than just one, as well as 348 
the calculation of an inflammatory biomarker score, a more complex and integrated 349 
assessment of low-grade inflammation. The inflammatory biomarkers, in general and 350 
in healthy people, are nonspecific pro-inflammatory response markers,(1) so this score 351 
considers the effect of all inflammatory biomarkers analysed. 352 
This study has some limitations that should be acknowledged. We used a 353 
food-frequency questionnaire as an instrument to measure nutrient intake, and it may 354 
overestimate the food intake;(53) however, to overcome this limitation, we excluded 150 355 
participants who were considered overreporters based on the Goldberg method.(25) 356 
Conversely, the food-frequency questionnaire is a good instrument to rank subjects by 357 
their level of consumption,(54) as we did by dividing the sample into three categories of 358 
fatty acid consumption. In addition, due of the lack of established cut-off points for 359 
inflammatory biomarkers for adolescents,(16) we used sex- and age-adjusted median 360 
values for create two categories of inflammatory state: lowest and highest, ranking the 361 
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sample according to inflammatory biomarkers. Indeed, the study of the relationship 362 
between dietary intakes inflammatory biomarkers in healthy populations is considered 363 
a difficult task.(16) Nevertheless, our cut-off points for IL-6 (1.9ng/L for most age/sex 364 
groups, but varying from 1.9 to 6.95ng/L) are very similar to the ones reported for the 365 
Asklepios Study (1.6 ng/L),(55) and the authors found an association with the dietary 366 
inflammation index. Our cut-off points for CRP (varying from 0.11 to 0.79mg/dL) are 367 
close to the ones reported by Visser et al. (0.22 mg/dL),(10) which showed a positive 368 
association between low-grade inflammation and being overweight, in children and 369 
adolescents. 370 
In summary, high intakes of SFA, ALA, and EPA+DHA are the main dietary fatty 371 
acids related with a low-grade inflammation state in adolescents; on the one hand, SFA 372 
was positively associated with IL-6 and the overall inflammatory biomarkers score, and 373 
on the other hand, ALA and EPA+DHA were inversely associated with the overall 374 
inflammatory biomarkers score, independent of biological and lifestyle variables: body 375 
mass index, age, gender, pubertal stage, physical activity, sedentary time, 376 
socioeconomic status, and smoking habits. The other dietary fatty acids studied 377 
(MUFA, AA, LA, and TFA) were not predictive of low-grade inflammation. 378 
Taken together, these findings support a high intake of vegetable and marine n-3 379 
PUFA, that is, ALA and EPA+DHA, and a low consumption of SFA to prevent a 380 
low-grade inflammation state in adolescents. Longitudinal studies on low-grade 381 
inflammation and dietary fatty acid intake in adolescents are necessary to confirm or 382 
rule out our findings. 383 
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Table 1: Participants’  characteristics  according  to  sex  among  adolescents  from  the  LabMed  Activity  Study 
 
All a 
(n=412) 
Girls a 
(n=216) 
Boys a 
(n=196) 
P value b 
 (%) (%) (%)  
Pubertal 
stage (Tanner 
A) 
2 7.2 33.3 11.7 
0.001 
3 33.0 54.6 36.2 
4 47.1 12.0 38.8 
5 12.6 2.8 13.3 
Pubertal 
stage (Tanner 
B) 
2 7.0 22.7 11.7 
<0.001 
3 20.6 46.8 18.4 
4 50.2 27.8 54.1 
5 22.1 3.2 15.8 
Body mass 
index 
underweight 3.6 3.7 3.6 
0.574 
normal weight 66.7 65.3 68.4 
overweight 22.1 21.8 22.4 
obese 7.5 9.3 5.6 
Smoking 
habits d 
Current smokers 1.0 0.9 1.0 
0.037 
Occasional smokers 1.7 1.4 2.0 
Former smokers 7.8 4.6 11.2 
Non-smokers 89.6 93.1 85.7 
  (Median) (25th) (75th) (Median) (25th) (75th) (Median) (25th) (75th)  
Age (years) 14.9 12.6 15.7 14.9 12.6 15.6 15.0 12.7 15.8 0.143 
Socio-economic status 6.0 5.0 8.0 6.0 6.0 8.0 6.0 5.0 8.0 0.416 
Sedentary Time c (minutes/day) 667.4 619.4 725.3 678.4 632.8 734.1 645.9 607.5 713.2 0.003 
Moderate-to-vigorous physical 
activity c (minutes/day) 
51.0 39.1 65.3 45.5 35.1 59.5 56.7 43.0 71.5 <0.001 
Energy intake (kcal/day) 2 063 1 598 2 593 2 016 1 559 2 404 2 123 1 648 2 730 0.005 
Protein (%en) 18.7 16.8 21.2 19.2 16.9 21.4 18.4 16.7 20.9 0.329 
Total carbohydrates  50.2 45.4 54.2 49.9 45.0 54.3 50.4 46.3 54.2 0.546 
   Sugars (%en) 23.1 19.1 27.3 23.2 19.2 27.8 23.0 19.0 27.2 0.820 
   Dietary Fibre (g/1000kcal) 10.1 8.3 12.0 10.2 8.2 12.2 9.8 8.6 11.9 0.737 
Total fat  32.5 29.5 35.3 32.8 29.2 35.4 32.3 29.9 35.2 0.644 
    SFA (%en) 10.4 9.3 11.4 10.3 9.2 11.5 10.4 9.5 11.3 0.580 
    MUFA (%en) 13.2 11.8 14.7 13.2 11.7 14.7 13.3 (–) 11.9 14.7 0.611 
  107 
    PUFA (%en) 5.78 5.03 6.50 5.78 4.92 6.68 5.77 5.09 6.37 0.954 
        n-6 (%en) 4.17 3.55 4.91 4.21 3.48 5.01 4.15 3.60 4.83 0.871 
            AA (%en) 0.06 0.05 0.09 0.06 0.05 0.09 0.06 0.05 0.09 0.853 
            LA (%en) 4.05 3.39  4.72 4.09 3.33 4.87 4.01 3.47 4.68 0.887 
        n-3 (%en) 0.57 0.49 0.68 0.57 0.50 0.68 0.57 0.47 0.67 0.402 
            ALA (%en) 0.46 0.41 0.52 0.46 0.41 0.52 0.46 0.41 0.51 0.529 
            EPA+DHA (%en) 0.16 0.10 0.26 0.16 0.11 0.26 0.15 0.10 0.25 0.367 
        TFA (%en) 0.44 0.33 0.54 0.42 0.32 0.54 0.45 0.35 0.53 0.064 
Alcohol (%en) 45.4% of consumers g 0.00 0.00   0.33 0.00 0.00 0.28 0.13 0.00 0.47 0.006 
CRP (mg/L) 0.20 0.11 0.77 0.11 0.11 0.49 0.34 0.11 1.26 <0.001 
IL-6 (ng/L) 1.90 1.90 3.40 1.90 1.90 3.40 1.90 1.90 3.35 0.561 
C3 (mg/dL) 116.0 107.0 126.5 119.0 107.0 127.0 115.0 106.5 126.0 0.888 
C4 (mg/dL) 20.0 16.0 24.0 20.0 16.0 25.0 20.0 17.0 24.0 0.561 
Overall inflammatory biomarkers 
score f 
-0.55 -1.77 1.41 -0.51 -1.75 1.30 -0.59 -1.84 1. 43 0.844 
Abbreviations: BMI – Body mass index, MVPA – moderate-to-vigorous physical activity, SFA – Saturated fatty acid, MUFA – 
Monounsaturated fatty acid, PUFA – Polyunsaturated fatty acid, n-6 – Omega 6, n-3 – Omega 3, AA – Araquidonic acid, LA – 
linoneic acid, ALA - Alpha-linolenic acid, EPA – Eicosapentaenoic acid, DHA – Docosahexaenoic acid, TFA - Trans fatty acid, 
CRP – C reactive protein, IL-6 – Interleukin 6, C3 – Complement component 3, C4 – Complement component 4, %en – energy 
intake percentage. 
a The data shown in percentage for categorical variables and median (25th -75th percentiles) for continuous variables. 
b P value was calculated based on Qui-square test for categorical variables, Student T test for continuous normally distributed 
variables and Mann-Whitney U test for skewed variables. 
c Tanner A indicates development stages of breast in girls and genitalia in boys; Tanner B indicates development stages of public hair 
distribution in both sexes. 
d It is the Family affluence scale, scored from 0 to 9 and higher scores indicated higher socioeconomic status. 
e Because there is some missing values in these variables, n=329 (55.9% girls) 
f Qui-squared  test  performed  with  “Current  smokers”  and  “Occasional  smokers”  together  to  improve  power  of  test. 
g The alcohol consumers are adolescents that drink an alcoholic beverage at least once a month. 
h The overall inflammatory biomarker score was designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) 
categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero 
if below the median. 
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Table 2: Differences between nutrient intake tertiles and inflammatory biomarkers categories 
among adolescents from the LabMed Physical Activity Study. 
 
CRP (mg/L) a IL-6 (ng/L) a C 3 (mg/dL) a C 4 (mg/dL) a 
Overall 
inflammatory 
biomarker score a, b 
lower higher lower higher lower higher lower higher lower higher 
SFA (%en) ≤9.72 33.3 30.0 35.7 24.8 31.9 31.7 33.6 29.7 34.1 30.0 
9.73 - 11.11 36.0 40.0 35.7 41.6 38.5 37.2 36.4 39.5 36.2 39.2 
≥11.12 30.6 30.0 28.5 33.6 29.6 31.2 30.0 30.8 29.7 30.8 
MUFA (%en) ≤12.20 31.5 30.5 33.1 27.5 29.1 33.2 30.9 31.3 30.3 31.7 
12.21 - 14.15 36.5 32.6 35.0 34.2 39.4 29.6 37.8 31.3 37.8 32.2 
≥14.16 32.0 36.8 31.9 38.3 31.5 37.2 31.3 37.4 31.9 36.1 
AA (%en) ≤0.05 30.6 34.2 32.7 31.5 33.3 31.2 29.5 35.4 31.4 33.0 
0.06 - 0.08 37.8 32.6 35.0 36.2 35.7 35.2 38.7 31.8 37.3 33.9 
≥0.09 31.5 33.2 32.3 32.2 31.0 33.7 31.8 32.8 31.4 33.0 
LA (%en) ≤3.68 36.9 34.2 36.5 34.2 35.7 35.7 35.0 36.4 32.4 38.3 
3.69 - 4.64 33.8 37.4 36.5 33.6 35.7 35.2 37.8 32.8 37.8 33.5 
≥4.65 29.3 28.4 27.0 32.2 28.6 29.1 27.2 30.8 29.7 28.2 
ALA (%en) ≤0.42 30.6 36.8 33.1 34.2 33.3 33.7 29.0 38.5 27.0 38.8* 
0.43 - 0.49 34.2 28.9 33.1 29.5 34.3 29.1 35.5 27.7 36.2 28.2 
≥0.50 35.1 34.2 33.8 36.2 32.4 37.2 35.5 33.8 36.8 33.0 
EPA+DHA 
(%en) 
≤0.12 30.2 37.9 35.4 30.9 35.2 32.2 30.0 37.9 30.3 36.6 
0.13 - 0.21 32.0 31.6 28.5 37.6 30.0 33.7 32.7 30.8 29.7 33.5 
≥0.22 37.8 30.5 36.1 31.5 34.7 34.2 37.3 31.3 40.0 30.0 
TFA (%en) ≤0.38 37.4 35.8 35.4 38.9 37.1 36.2 37.3 35.9 35.7 37.4 
0.39 - 0.50 30.2 32.1 31.9 29.5 31.5 30.7 30.0 32.3 30.8 31.3 
≥0.51 32.4 32.1 32.7 31.5 31.5 33.2 32.7 31.8 33.5 31.3 
Abbreviations: CRP – C reactive protein, IL-6 – Interleukin 6, C3 – Complement component 3, C4 – Complement 
component 4, SFA – Saturated fatty acid, MUFA – Monounsaturated fatty acid, PUFA – Polyunsaturated fatty acid, n-3 
– Omega 3, n-6 – Omega 6, LA – Linoleic acid, ALA - Alpha-Linolenic acid, EPA – Eicosapentaenoic acid, DHA – 
Docosahexaenoic acid, TFA – Trans fatty acid, %en – energy intake percentage. 
a The data show column percentage by biomarkers categories and, when required, a symbol of qui-square statically 
differences between inflammatory biomarkers and nutrient intake: * <0.05. 
a The overall inflammatory biomarker score was designed summing the inflammatory biomarkers (CRP, IL-6, C3 and 
C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by 
age and sex or zero if below the median. 
  
 
Table 3: Fatty acids intake associated with higher inflammatory biomarkers among adolescents from the LabMed Physical Activity Study. 
  
CRP a  IL-6 a  C 3 a  C 4 a  
Overall inflammatory 
biomarker score a, b 
OR (95% CI) ptrend OR (95% CI) ptrend OR (95% CI) ptrend OR (95% CI) ptrend OR (95% CI) ptrend 
SFA (%en)           
Crude models ≤9.72 1.00 0.798 1.00 0.033 1.00 0.925 1.00 0.507 1.00 0.282 
9.73 - 11.11 1.27 (0.76-2.12)  1.87 (1.08-3.22)  0.99 (0.59-1.64)  1.30 (0.78-2.17)  1.43 (0.85-2.40)  
≥11.12 1.08 (0.60-1.95)  1.98 (1.07-3.69)  1.03 (0.57-1.84)  1.22 (0.68-2.21)  1.39 (0.77-2.51)  
Sex-adjusted models ≤9.72 1.00 0.790 1.00 0.034 1.00 0.928 1.00 0.509 1.00 0.284 
9.73 - 11.11 1.27 (0.76-2.12)  1.88 (1.09-3.24)  0.99 (0.60-1.64)  1.30 (0.78-2.18)  1.43 (0.85-2.40)  
≥11.12 1.09 (0.60-1.96)  1.98 (1.06-3.69)  1.03 (0.57-1.84)  1.22 (0.68-2.21)  1.39 (0.77-2.51)  
Fully adjusted models c ≤9.72 1.00 0.183 1.00 0.051 1.00 0.271 1.00 0.207 1.00 0.015 
9.73 - 11.11 1.54 (0.83-2.86)  2.42 (1.25-4.68)  1.12 (0.59-2.11)  1.50 (0.82-2.75)  2.18 (1.14-4.15)  
≥11.12 1.62 (0.79-3.32)  2.16 (1.02-4.56)  1.51 (0.73-3.15)  1.56 (0.78-3.11)  2.51 (1.20-5.27)  
MUFA (%en)           
Crude models ≤12.20 1.00 0.406 1.00 0.598 1.00 0.883 1.00 0.294 1.00 0.230 
12.21 - 14.15 0.93 (0.53-1.60)  1.07 (0.60-1.92)  0.63 (0.36-1.09)  0.88 (0.51-1.54)  0.97 (0.56-1.70)  
≥14.16 1.25 (0.67-2.32)  1.19 (0.62-2.26)  0.96 (0.52-1.77)  1.32 (0.71-2.46)  1.41 (0.75-2.65)  
Sex-adjusted models ≤12.20 1.00 0.407 1.00 0.601 1.00 0.882 1.00 0.294 1.00 0.230 
12.21 - 14.15 0.92 (0.53-1.60)  1.07 (0.60-1.92)  0.63 (0.36-1.09)  0.88 (0.51-1.54)  0.97 (0.56-1.70)  
≥14.16 1.25 (0.67-2.32)  1.18 (0.62-2.26)  0.96 (0.52-1.77)  1.32 (0.71-2.46)  1.41 (0.75-2.65)  
Fully adjusted models c ≤12.20 1.00 0.745 1.00 0.173 1.00 0.911 1.00 0.462 1.00 0.287 
12.21 - 14.15 0.90 (0.47-1.73)  1.43 (0.71-2.86)  0.79 (0.40-1.54)  0.90 (0.47-1.70)  1.10 (0.56-2.16)  
≥14.16 1.10 (0.52-2.34)  1.75 (0.80-3.86)  0.93 (0.43-2.01)  1.26 (0.61-2.60)  1.51 (0.68-3.32)  
  
AA (%en)            
Crude models ≤0.05 1.00 0.517 1.00 0.871 1.00 0.521 1.00 0.741 1.00 0.186 
0.06 - 0.08 0.86 (0.52-1.44)  1.13 (0.67-1.92)  1.07 (0.65-1.77)  0.77 (0.46-1.27)  1.04 (0.62-1.75)  
≥0.09 1.14 (0.66-1.98)  1.07 (0.60-1.91)  1.19 (0.69-2.07)  1.03 (0.59-1.79)  1.42 (0.81-2.50)  
Sex-adjusted models ≤0.05 1.00 0.523 1.00 0.853 1.00 0.519 1.00 0.740 1.00 0.185 
0.06 - 0.08 0.88 (0.53-1.46)  1.11 (0.65-1.89)  1.06 (0.64-1.77)  0.76 (0.46-1.27)  1.04 (0.62-1.74)  
≥0.09 1.14 (0.66-1.99)  1.07 (0.60-1.91)  1.19 (0.69-2.07)  1.03 (0.59-1.79)  1.42 (0.81-2.50)  
Fully adjusted models c ≤0.05 1.00 0.671 1.00 0.761 1.00 0.921 1.00 0.804 1.00 0.249 
0.06 - 0.08 0.80 (0.43-1.47)  1.44 (0.77-2.68)  1.02 (0.54-1.92)  0.69 (0.38-1.24)  1.25 (0.66-2.35)  
≥0.09 0.84 (0.42-1.65)  1.18 (0.59-2.37)  0.97 (0.48-1.97)  1.01 (0.52-1.93)  1.54 (0.75-3.16)  
LA (%en)            
Crude models ≤3.68 1.00 0.879 1.00 0.506 1.00 0.973 1.00 0.858 1.00 0.375 
3.69 - 4.64 1.21 (0.71-2.04)  0.96 (0.55-1.67)  1.08 (0.64-1.83)  0.85 (0.50-1.43)  0.74 (0.43-1.26)  
≥4.65 0.99 (0.55-1.78)  1.20 (0.65-2.22)  1.02 (0.57-1.84)  1.03 (0.57-1.85)  0.74 (0.41-1.35)  
Sex-adjusted models ≤3.68 1.00 0.892 1.00 0.514 1.00 0.846 1.00 0.862 1.00 0.371 
3.69 - 4.64 1.20 (0.71-2.03)  0.97 (0.56-1.69)  1.09 (0.64-1.83)  0.85 (0.50-1.44)  0.74 (0.43-1.26)  
≥4.65 0.99 (0.55-1.79)  1.20 (0.65-2.22)  1.02 (0.57-1.84)  1.02 (0.57-1.85)  0.74 (0.41-1.35)  
Fully adjusted models c ≤3.68 1.00 0.634 1.00 0.963 1.00 0.248 1.00 0.835 1.00 0.110 
3.69 - 4.64 1.09 (0.59-2.03)  0.86 (0.45-1.62)  1.14 (0.60-2.18)  0.92 (0.51-1.68)  0.64 (0.34-1.23)  
≥4.65 0.85 (0.42-1.72)  1.00 (0.49-2.06)  0.67 (0.32-1.39)  0.93 (0.47-1.82)  0.54 (0.26-1.13)  
ALA (%en)            
Crude models ≤0.42 1.00 0.454 1.00 0.615 1.00 0.610 1.00 0.147 1.00 0.079 
0.43 - 0.49 0.69 (0.42-1.15)  0.76 (0.45-1.30)  0.83 (0.50-1.37)  0.61 (0.36-1.01)  0.55 (0.33-0.92)  
≥0.50 
 
 
0.80 (0.48-1.35)  0.86 (0.50-1.47)  1.12 (0.67-1.87)  0.67 (0.40-1.12)  0.60 (0.36-1.02)  
  
Sex-adjusted models ≤0.42 1.00 0.476 1.00 0.581 1.00 0.621 1.00 0.147 1.00 0.077 
0.43 - 0.49 0.69 (0.42-1.15)  0.76 (0.45-1.30)  0.83 (0.50-1.37)  0.61 (0.36-1.01)  0.55 (0.33-0.92)  
≥0.50 0.81 (0.48-1.36)  0.85 (0.49-1.45)  1.12 (0.67-1.87)  0.67 (0.40-1.12)  0.60 (0.35-1.02)  
Fully adjusted models c ≤0.42 1.00 0.393 1.00 0.324 1.00 0.596 1.00 0.211 1.00 0.047 
0.43 - 0.49 0.70 (0.38-1.31)  0.56 (0.29-1.07)  0.60 (0.31-1.15)  0.61 (0.33-1.10)  0.40 (0.21-0.77)  
≥0.50 0.75 (0.40-1.41)  0.70 (0.36-1.35)  1.14 (0.60-2.19)  0.67 (0.36-1.23)  0.49 (0.26-0.95)  
EPA+ DHA (%en) Crude models           
Crude models ≤0.12 1.00 0.079 1.00 0.457 1.00 0.891 1.00 0.193 1.00 0.035 
0.13 - 0.21 0.82 (0.50-1.36)  1.51 (0.89-2.55)  1.20 (0.73-1.98)  0.81 (0.49-1.34)  0.96 (0.57-1.60)  
≥0.22 0.62 (0.36-1.06)  0.90 (0.51-1.60)  1.01 (0.59-1.72)  0.69 (0.40-1.19)  0.58 (0.33-1.00)  
Sex-adjusted models ≤0.12 1.00 0.080 1.00 0.458 1.00 0.892 1.00 0.194 1.00 0.035 
0.13 - 0.21 0.83 (0.50-1.38)  1.50 (0.88-2.53)  1.20 (0.72-1.98)  0.81 (0.49-1.34)  0.96 (0.57-1.60)  
≥0.22 0.62 (0.36-1.06)  0.90 (0.51-1.59)  1.01 (0.59-1.72)  0.69 (0.40-1.19)  0.58 (0.33-1.00)  
Fully adjusted models c ≤0.12 1.00 0.220 1.00 0.282 1.00 0.926 1.00 0.272 1.00 0.025 
0.13 - 0.21 0.63 (0.34-1.17)  1.50 (0.80-2.78)  1.19 (0.63-2.26)  0.72 (0.40-1.31)  0.82 (0.43-1.55)  
≥0.22 0.63 (0.32-1.21)  0.76 (0.38-1.51)  1.07 (0.54-2.13)  0.68 (0.36-1.28)  0.46 (0.23-0.93)  
TFA (%en)            
Crude models ≤0.38 1.00 0.858 1.00 0.130 1.00 0.731 1.00 0.826 1.00 0.562 
0.39 - 0.50 1.09 (0.67-1.80)  0.75 (0.44-1.26)  1.02 (0.62-1.68)  1.14 (0.69-1.88)  0.98 (0.59-1.63)  
≥0.51 1.02 (0.60-1.73)  0.67 (0.39-1.16)  1.11 (0.66-1.88)  1.02 (0.60-1.73)  0.83 (0.49-1.41)  
Sex-adjusted models ≤0.38 1.00 0.909 1.00 0.150 1.00 0.716 1.00 0.817 1.00 0.578 
0.39 - 0.50 1.07 (0.65-1.77)  0.77 (0.45-1.30)  1.03 (0.63-1.70)  1.15 (0.69-1.90)  0.99 (0.60-1.65)  
≥0.51 1.01 (0.60-1.72)  0.68 (0.39-1.17)  1.11 (0.66-1.89)  1.02 (0.60-1.74)  0.83 (0.49-1.42)  
Fully adjusted models c ≤0.38 1.00 0.460 1.00 0.695 1.00 0.501 1.00 0.979 1.00 0.494 
0.39 - 0.50 1.21 (0.66-2.23)  0.92 (0.49-1.73)  1.17 (0.62-2.20)  1.09 (0.60-1.97)  0.87 (0.47-1.64)  
≥0.51 1.25 (0.66-2.38)  0.88 (0.45-1.71)  1.25 (0.64-2.44)  0.96 (0.51-1.79)  0.79 (0.41-1.54)  
  
Abbreviations: OR – odds ratio, CI – confidence interval, CRP – C reactive protein, IL-6 – Interleukin 6, C3 – Complement component 3, C4 – Complement component 
4, SFA – Saturated fatty acid, MUFA – Monounsaturated fatty acid, AA – Araquidonic acid, LA – linoneic acid, ALA – α-Linolenic acid, EPA – Eicosapentaenoic acid, 
DHA – Docosahexaenoic acid, TFA – Trans fatty acid, %en – percentage of energy intake. 
a The data shows OR , 95 CI and p value for trend for each inflammatory biomarkers and overall inflammatory biomarker score as dependent variables. The predictor, that 
enter together in the model, were: SFA, MUFA, AA, LA, ALA, EPA+DHA, and TFA, all in percentage of energy intake. 
b The overall inflammatory biomarker score was designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was 
assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. 
c The fully adjusted models include also the following variables: gender, age, body mass index, pubertal stages – Tanner A and B, sedentary time, moderate-to-vigorous 
physical activity, smoking habits, socio-economic status. Because there is some missing values in sedentary time and moderate-to-vigorous physical activity variables, the 
fully adjusted models were performed with n=329 (55.9% girls). 
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Abstract 1 
Background & aim: Five or more daily servings of fruit and vegetable intake are 2 
recommended, and the ‘5-a-day’  is  a  public  health  message  to encourage individuals 3 
to achieve this goal. Fruit and vegetable intake appears to be inversely associated with 4 
low-grade inflammation. However, most studies were conducted based on adult 5 
samples and used a single biomarker to measure low-grade inflammation. We aimed 6 
to study the association between fruit and vegetable intake and adherence to the 5-a-7 
day recommendation, with low-grade inflammation in adolescents, as measured by a 8 
set of inflammatory biomarkers and an overall inflammatory biomarker score. 9 
Methods: We conducted a cross-sectional study with 412 adolescents (52.4% girls), 10 
mean ages 14.4±1.7years, assessing categories of daily portion intake of fruits (<3 or 11 
≥3 portions/day), vegetables (<3  or  ≥3 portions/day),   and  vegetable   soup   (<2  or  ≥2 12 
portions/day), using a food-frequency questionnaire. To assess adherence to the 5-a-13 
day recommendation, the previous continuum number of portions are totalled and 14 
categorized as <1, 1–5, or ≥5 portions/day. We collected blood samples to determine 15 
inflammatory biomarkers such as C-reactive protein (CRP), interleukin-6 (IL-6), 16 
complement component 3 (C3) and 4 (C4), and created categories of lower or higher 17 
for each biomarker, based on median values by sex and age. An overall inflammatory 18 
biomarker score was computed based on biomarker categories and classified as 0–1 or 19 
2–4 biomarkers above the median. The odds ratio (OR) and 95% interval confidence 20 
(95%CI) were calculated from binary logistic regression, adjusted for confounders, to 21 
estimate the magnitude of association between food categories and inflammatory 22 
biomarkers. 23 
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Results: Adolescents with consumption of <2 portions/day of vegetable soup had a 24 
higher likelihood of having higher IL-6 (OR=12.95, 95%CI=1.63-102.84, p<0.05) 25 
when compared with consumption of ≥2 portions/day. An intake of ≥5 portions/day of 26 
fruits and vegetables compared to <1 portion/day was inversely associated with CRP 27 
(OR=5.24, 95%CI=1.62-16.97, ptrend=0.005), IL-6 (OR=5.36 95%CI=1.64-17.53, 28 
ptrend=0.008), C4 (OR=3.39, 95%CI=1.12-10.28, ptrend=0.016), and overall 29 
inflammatory biomarker score (OR=8.14, 95%CI=2.44-27.18, ptrend<0.001).  30 
Conclusion: Inflammatory biomarkers were inversely associated with vegetable soup 31 
and  ≥5 portions/day of fruits and vegetables. These findings support the current 5-a-32 
day recommendation, in order to prevent low-grade inflammation in adolescence. 33 
 34 
 35 
Key-words: C-reactive protein; Interleukin-6; Complement component 3; 36 
Complement component 4; Inflammatory biomarkers; vegetable soup; 5-a-day.   37 
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Introduction 38 
Dietary guidelines recommend the daily consumption of five or more servings of 39 
fruits and vegetables to improve health and reduce the risk of chronic diseases [1, 2]. 40 
Similarly, the World Health Organization recommends a minimal consumption of 41 
400g per day of fruits and vegetables [2] and suggests increasing individual intake up 42 
to 600g per day to reduce the global burden of cancer and cardiovascular diseases [3]. 43 
The  “5-a-day” public health message is widespread and used in several countries to 44 
encourage individuals to achieve the goal of eating five or more daily servings of fruit 45 
and vegetable [2]. Adolescents’ consumption of fruits and vegetables is low in much 46 
of Europe, including Portugal [4].  47 
Many chronic diseases have been associated with low-grade inflammation [5, 6], 48 
including obesity, type 2 diabetes [7], cardiovascular diseases [8], and some cancers 49 
[9]. Moreover, in children and adolescents, low-grade inflammation has been 50 
associated with obesity [10], central obesity [11], metabolic syndrome [12], impaired 51 
endothelial function, and atherosclerosis [13]. 52 
Epidemiological evidence from studies based on adult samples has shown that a high 53 
intake of fruits and vegetables appears to be inversely associated with low-grade 54 
inflammation [5]. However, data regarding children [14] and adolescents [15] is 55 
scarce. Inflammatory status is heavily reliant on the measurement of the inflammatory 56 
biomarkers, such as acute phase proteins and cytokines [6]. In addition, most studies 57 
assessed a single biomarker as a measure of low-grade inflammation to study its 58 
association with fruit and vegetable intake, especially C-reactive protein (CRP) [5]. 59 
Some studies have included interleukin-6 (IL-6) as well, but the role of complement 60 
component 3 (C3) and 4 (C4) remains unknown [5]. Until now, the set of biomarkers 61 
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that fully describes low-grade inflammation has not been identified [6], and therefore, 62 
approaches that include a set of inflammatory biomarkers [15, 16] or an inflammatory 63 
biomarker score [17] seem sensible.  64 
In this context, the present study aimed to analyse the association between intakes of 65 
fruits, vegetables, vegetable soup, and 5-a-day with a set of inflammatory biomarkers 66 
and an overall inflammatory biomarker score in adolescents. 67 
 68 
Materials and Methods 69 
Study design and sampling  70 
This study analysis baseline data from the Longitudinal Analysis of Biomarkers and 71 
Environmental Determinants of Physical Activity Study (LabMed Physical Activity 72 
Study), collected in the Fall of 2011. Briefly, study recruitment was conducted at all 73 
participating schools that have collaboration agreements previously established with 74 
our research centre. A sample size was estimated in 1086 subjects, according to the 75 
exposure of combined healthy diet/physical activity pattern prevalence (14% [18]), to 76 
detect 15% difference between exposed and unexposed, for have a power of 0.80, a 2-77 
tailed significance of 5%, and an expected dropout rate of 20%. All students from 7th 78 
and 10th grade were invited (N=1678). Both adolescents and their parents/guardians 79 
that returned written informed consent (n=1229) entry in the study, and all data was 80 
collected in schools. 81 
From an initial sample of apparently healthy adolescents (12–18 years old), 534 82 
accepted to undergo blood sampling and 622 had accurate data on dietary intake 83 
(excluding the misreporting as explained in the dietary intake section), therefore the 84 
final sample of the present study comprises 412 adolescents (216 girls), aged 14.4±1.7 85 
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years old. We found no differences in most variables between those who were 86 
selected or excluded from statistical analysis. However, in the group of subjects that 87 
were more excluded, there were higher frequencies of boys, smokers, subjects with 88 
underweight, and with lower energy intake. The final models were adjusted for these 89 
variables. 90 
 91 
Ethical statement  92 
We conducted the study in accordance with the Helsinki declaration for Human 93 
Studies. The Portuguese Data Protection Authority (#1112434/2011), the Portuguese 94 
Ministry of Science and Education (0246200001/2011), and Faculty of Sport, 95 
University of Porto approved the study. 96 
 97 
Inflammatory biomarkers and overall inflammatory biomarker score  98 
Blood samples were collected only in adolescents with no known disease and after at 99 
least ten hours of fasting. Samples were refrigerated (4º-8°C), and sent for analysis of 100 
inflammatory biomarkers at the laboratory. High sensitive CRP by the Latex-101 
enhanced turbidimetric assay (Siemens Advia 1600/1800, Erlangen, Germany); IL-6 102 
was determined by the Chemiluminescence immunoassay (Immulite 2000, Diagnostic 103 
Products Corporation, Los Angeles, CA); and C3 and 4 C4 were determined by the 104 
Immunoturbidimetric assay (Siemens Advia 1600/1800, Erlangen, German). 105 
Participants were grouped in two categories, higher or lower (inflammatory state), 106 
based on medians values adjusted by age and sex, considering that increasing of 107 
biomarkers in low-grade inflammation can be minimal [6] and no biologic cut-points 108 
are established for adolescents. Medians of each inflammatory biomarker category 109 
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(higher/lower) were 0.11/0.92 mg/L for CRP, 1.90/4.20 ng/L for IL-6, 107.00/127.00 110 
mg/dL for C3, and 17.00/25.55 mg/dL for C4. 111 
We created an overall inflammatory biomarker score assigning one point to those who 112 
were above the sex-age-adjusted medians or zero for those below, for each 113 
inflammatory biomarker, and then summing all points assigned. The overall 114 
inflammatory biomarker score varies from zero to four points. Two categories were 115 
defined: 0-1 (49.9%) or 2-4 (50.1%) inflammatory biomarkers above the median. 116 
 117 
Physical activity and sedentary time 118 
We used accelerometers GT1M Actigraph (ActiGraph, Pensacola, Florida, USA), a 119 
lightweight and biaxial monitor, to determine physical activity and sedentary time. 120 
Participants were instructed to tightly attach it on the right side of hip, with the notch 121 
faced upwards, and to use it for five consecutive days (three weekdays and two 122 
weekend days), during waking hours and remove it during water-based activities. The 123 
epoch length was set to 2 seconds to allow a more detailed estimate of physical 124 
activity intensity. 125 
We worked with an automated data reduction program (ActivLive 6.12, ActiGraph, 126 
Pensacola, Florida, USA) to analyse accelerometer data. Periods of 60 minutes of 127 
consecutive zeros were signalled as non-wear time. Participants had to have at least 128 
two weekdays and one weekend with a minimum of 8 hours/day of accelerometer 129 
wear time to be included in the analysis.  130 
After screening, the time spent in different physical activity intensities were 131 
determined by the   raw   activity   “counts”, considering Evensons et al cut-points. 132 
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Physical activity were expressed in mean counts/min and also in estimates of the time 133 
spent (in minutes/day) in moderate-to-vigorous physical activity and sedentary time. 134 
 135 
Dietary intake  136 
We use a self-administered semi-quantitative food-frequency questionnaire validated 137 
for the Portuguese population [19], and adapted to adolescents[20], to measure the 138 
dietary intake. This food-frequency questionnaire assesses the food habits in the 139 
previous 12 months and lists 91 food and beverage items or categories, with nine 140 
frequency possibilities   (from   “never   or   less   than   once   per  month”   to   “six   or  more  141 
times  per  day”), with a standard portion sizes, and with a seasonality option. In the 142 
questionnaire there is still space available for each participant to include any food not 143 
listed. Dietary intake quantification was performed, for each option selected, 144 
multiplying the portion size in grams by the multiple/fraction of daily frequency 145 
intake and by a seasonality variation factor. Food to energy and nutrients intake 146 
conversion was performed using The Food Processor Plus program version SQL 147 
(ESHA Research, Salem, OR, USA). This database was supplemented with the 148 
Portuguese food composition databases. 149 
We excluded food-frequency questionnaires with implausible energy intake by 150 
determination of dietary assessment misreporting, using the Goldberg cut-off method, 151 
adapted by Black [21]. Briefly, basal metabolic rate, by Schofield equation, and a 152 
ratio energy intake/basal metabolic rate was calculated to compare with 95% 153 
confidence limits (cut-offs). The cut-offs were calculated using: 1st) mean physical 154 
activity level of 1.23 was calculated considering accelerometers data and Trost 155 
equation; 2nd) 21 days of dietary assessment was considered, as recommended for 156 
food-frequency questionnaire data [21]; 3rd) within-subject coefficient of variation in 157 
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energy intake was calculated considering mean and standard deviation in our sample 158 
and numbers of days of dietary assessment; 4th) between-subject variation in physical 159 
activity was calculated considering mean and standard deviation in our sample, to be 160 
more precise, avoiding tabulated theoretical values; 5th) coefficient of variation in 161 
basal metabolism rate of 8.5% was considered as recommendation [21]. We achieved 162 
0.61–2.48 cut-offs; therefore, adolescents with energy intake/basal metabolic rate out 163 
of this range were excluded (n=150) from the statistical analysis. 164 
To quantify the number of portion from food categories (fruits, vegetables and 165 
vegetable soup), we summed all items from each food group, and divided them by the 166 
mean portion size (160g for fruit or vegetable, 80g for green pulses), according to 167 
Food Guide for the Portuguese Population.[1] For fruit category, we included 168 
apple/pear, orange/tangerine, banana, kiwi, strawberry, cherry, peach/plum, 169 
melon/watermelon, persimmon, fig/medlar/apricot, grape and papaya/mango; and 170 
excluded canned fruit in syrup and juice fruit, for the unknown added sugar content 171 
on those foods. For vegetable category, we considered white/savoy cabbages, 172 
bunch/portuguese cabbages, curly kale, broccoli, cauliflower/brussel sprout, turnip 173 
sprout/turnip greens/spinach, green been, lettuce/watercress, onion, carrot, turnip 174 
white, tomato, pepper, cucumber; as well green pulses in item peas/broad beans; and 175 
excluded potatoes and dried pulses for its starch content very different from others 176 
foods in this group and because there is not consensus about inclusion of those foods 177 
in the vegetable category [22]. Vegetable soup portion size considered was 295g, and 178 
it was treated as a different food category because it is a single item from food-179 
frequency questionnaire. Vegetable soup is considered an important source of 180 
vegetable intake in Portuguese diet, being consumed mostly as a starter of the main 181 
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meals (lunch and dinner), and recommendation of two portions/day is usually 182 
recognized as an important Portuguese healthy dietary guideline. 183 
Participants were grouped according to daily portion intake, into low or adequate, of 184 
fruits (<3 or  ≥3 portions/day), vegetables (<3  or  ≥3  portions/day), and vegetable soup 185 
(<2   or   ≥2 portions/day), in accordance with Portuguese guidelines.[1] Also, we 186 
summed fruit, vegetable and vegetable soup portion numbers, to analyse adherence to 187 
the 5-a-day recommendation, and grouped the participants in very low (<1 188 
portion/day), low (≥1 to <5 portions/day), or adequate (≥5 portions/day) fruit and 189 
vegetable consumptions. 190 
 191 
Others assessments 192 
Height and weight were measured with a portable stadiometer (SECA 213, Hamburg, 193 
Germany) and, with a portable electronic weight scale (TANITA Inner Scan BC532, 194 
Tokyo, Japan), respectively. During the measurements, participants were standing 195 
upright, lightly dressed and without shoes. The body mass index was calculated from 196 
the ratio of weight (kg) to height squared (m2) and participants were classified 197 
according  to  Cole’s  body mass index cut-offs. 198 
Pubertal stage ranging from 1 to 5 was self-assessed relatively to the secondary sex 199 
characteristics, according to the criteria of Tanner and Whitehouse. Tanner A 200 
indicates the stage of breast development in girls and genitalia development (penis 201 
size and testicular volume) in boys; and Tanner B indicates the stage of public hair 202 
distribution, in both sexes. 203 
The  participants’  socio-economic status was identified by the Family Affluence Scale. 204 
This is a self-filled questionnaire considering things about adolescents’ family 205 
(number of car, bedrooms, vacations, computers…) and ranks the participants from 0 206 
 128 
to 9 (lower to highest socio-economic status). 207 
Smoking habits were self-reported and participants were classified according to the 208 
World Health Organization criteria as follows: non-smokers, former smokers, 209 
occasional smokers, and current smokers. 210 
 211 
Statistical analyses 212 
Participants’  characteristics  are  presented  as  percentages for categorical variables; and 213 
as medians, 25th and 75th percentiles for continuous variables. Mann-Whitney U test 214 
and Qui-square test were used to assess sex differences in continuous and categorical 215 
variables, respectively. 216 
Binary logistic regression models were constructed to predict inflammatory 217 
biomarkers and the overall inflammatory biomarker score. There were four models 218 
for each inflammatory biomarker and for the overall inflammatory biomarker score 219 
(as dependent variables) and food groups portion categories (as predictors), using the 220 
major portion as reference: Model 1 – crude model; Model 2 – adjusted for sex; 221 
Model 3 – adjusted for sex, age, pubertal stage (Tanner A and B), body mass index, 222 
energy intake, socio-economic status, sedentary time, moderate-to-vigorous physical 223 
activity and smoking habits; Model 4 – adjusted for the same variables as model 3 224 
plus the other food group portions (for example: vegetable portion and fruit portions 225 
for models with vegetable soup portions predictor). 226 
Binary logistic regression was also performed to calculate odds ratio (OR), 95% 227 
confidence interval (CI), and p for trend, predicting the odds of having a higher 228 
inflammatory biomarker and overall inflammatory biomarker score for the 5-a-day 229 
recommendation. Three models were constructed: Model 1 – crude model; Model 2 – 230 
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adjusted for sex; Model 3 – adjusted for sex, age, pubertal stage (Tanner A and B), 231 
body mass index, energy intake, socio-economic status, sedentary time, moderate-to-232 
vigorous physical activity and smoking habits. 233 
Multicollinearity tests were performed, and we detected no multicollinearity between 234 
independent variables.  235 
Post hoc power calculations were performed considering the smaller sample size 236 
(n=329), the smaller odds ratio for fully adjusted model (OR=2.44), a null hypothesis 237 
value of 0.5, a significance level of 0.05, and achieving a power of 0.97. 238 
A 0.05 level of significance and 95%CI (confidence interval) were considered. Data 239 
analysis was performed using the statistical package SPSS®, version 21.0 (SPSS Inc., 240 
Chicago, IL, USA) and sample power was calculated using G*power, version 3.1 241 
(Faul, Erdfelder, Lang, & Buchner, 2007). 242 
 243 
Results 244 
The sample characteristics are presented in table 1. Girls presented on average a lower 245 
CRP, less moderate-to-vigorous physical activity and higher sedentary time and 246 
vegetable soup intake than boys (p<0.05 for all).  247 
 248 
Adolescents with consumption of ≥2 portion/day of vegetable soup had a lower 249 
prevalence of having higher IL-6. No significant differences were observed between 250 
the other inflammatory biomarkers or overall inflammatory biomarker score and fruit, 251 
vegetable or vegetable soup categories (table 2).  252 
 253 
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Adolescents with consumption of <2 portions/day of vegetable soup had a 254 
significantly higher likelihood of having higher IL-6 when compared with 255 
consumption  of  ≥2  portions/day. (table 3). 256 
 257 
Adolescents with a low intake (<1 portion/day) of fruit and vegetable, when compared 258 
with 5-a-day recommendation adherence (≥5 portions/day), showed a significantly 259 
high likelihood of having higher CRP, IL-6, C4 and overall inflammatory biomarker 260 
score, p for trend <0.05 for all, in fully adjusted models (table 4).  261 
 262 
Discussion 263 
The main finding of this study suggests that the consumption of five or more portions 264 
daily of fruits and vegetables is inversely associated with CRP, IL-6, C4 and an 265 
overall inflammatory biomarker score after adjusting the analysis for several potential 266 
confounders. These results support the adherence to the 5-a-day recommendation for 267 
the prevention of low-grade inflammation state, considered an important contributor 268 
for development of a range of chronic conditions. To the best of our knowledge, no 269 
prior study has specifically analyzed the association between low-grade inflammation 270 
and fruit and vegetable intake based on adherence to the 5-a-day recommendation. 271 
Nevertheless, our results align with those of other studies conducted in adolescents 272 
and adults that also showed an inverse association between fruit and vegetable intake 273 
and low-grade inflammation [15, 16]. 274 
It is interesting to note that, in our study, the inverse association between low-grade 275 
inflammation and five or more portions of fruit and vegetable daily compared with 276 
fruits, vegetables or vegetable soup, per se, showed a stronger association with low-277 
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grade inflammation. This result shows the importance of the 5-a-day recommendation 278 
and its impact on most inflammatory biomarkers studied. Besides the quantity itself (3 279 
serving of fruits or vegetables and 2 for vegetable soup versus 5 serving of these 280 
combined), the synergistic effect between food compounds may explain the stronger 281 
association with inflammation. A previous review found that antioxidant vitamins 282 
such C, E, and carotenoids have been identified as having an anti-inflammatory effect 283 
[23]. However, Kaulmann and Bohn [24] justified the absence of this synergistic 284 
effect as one reason for the lack of association or a positive association with risk of 285 
disease in several experimental studies using those antioxidants as supplementation 286 
and not the whole food. Yet, Smidowicz and Regula [25] in a review study that 287 
included IL-6 and CRP inflammatory biomarkers concluded that the Mediterranean 288 
diet and plant-based diet models (both characterized by abundant fruits, vegetables, 289 
and other whole foods) provide anti-inflammatory properties. Nevertheless, the 290 
relationship between carotenoids and inflammation remains poorly understood [24]. 291 
Unlike the case of CRP, research on the association between fruits and vegetables and 292 
other biomarkers is scarce. In our study, we included a set of other inflammatory 293 
biomarkers. Our results show an inverse association between IL-6 and vegetable soup. 294 
That is, the daily consumption of less than 2 portions of vegetable soup can increase 295 
by about 13 times the likelihood of having higher IL-6 (fully adjusted model). 296 
Although it is known that the odds ratio overstates the relative risk by less than 50% 297 
for a wide range of both initial risks and effect sizes, any qualitative judgment is 298 
unaltered by this discrepancy [26]. Therefore, our finding seems to be highly 299 
significant considering the Portuguese culture and dietary habits. As previously 300 
showed in a sample of Portuguese adults, vegetable soup, lettuce/watercress and 301 
tomato represent almost 50% of the weekly mean consumption of vegetables [27]. 302 
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Soup is recognized as having high-satiety properties [28], and soup consumption was 303 
associated with lower energy [28, 29] and fat intake [29]. Considering that high-fat 304 
meals may increase non-fasting IL-6 [30], the protective effects of vegetable soup on 305 
that biomarker may also be related to the lower-fat intake in those who consume lager 306 
amounts of vegetable soup. To the best of our knowledge, no other observational 307 
study found the relationship between vegetable soup and IL-6. Sanchez-Moreno et al. 308 
[31] conducted an experimental study in adults in which no significant changes were 309 
observed for participants with an intake of 500ml of pressurized soup during 14 days 310 
on IL-6, but a beneficial effect for CRP was reported. Other studies in adults [32, 33] 311 
that examined the relationships between soup intake and CRP found no association, 312 
which aligns with our results. Yet, and in agreement to our findings, Asgard et al. [34] 313 
showed that a reduction in IL-6 seems to be more sensitive than in CRP to increase 314 
plasma antioxidant properties. IL-6 was inversely associated with four plasma 315 
carotenoids, while CRP was associated with only one. Also worthy of note is that IL-316 
6 is an important factor for acute phase-protein hepatic synthesis [6] such as CRP, C3 317 
and C4; therefore, it can be argued that in a young and healthy population, IL-6 can 318 
be the first manifestation of low-grade inflammation. 319 
The strengths of this study include the novelty of its aim and the use of objectively 320 
measured physical activity and sedentary time as covariates, once sedentary time has 321 
been previously considered a risk factor for cardiovascular health independently of 322 
physical activity levels [35]. In addition, we used only accurate food-frequency 323 
questionnaires, accordingly to Goldberg’s method [21]. Indeed, this method is useful 324 
for evaluating mean population bias in the reporting of energy intake in several age 325 
groups and recommends the use of information about physical activity, as we did in 326 
the current study. Moreover, our models considered other important potential 327 
 133 
confounders such as age, body mass index, sex, and smoking that have been shown to 328 
be important modifiers of inflammatory biomarker concentration [5, 6]. Other 329 
strengths are the evaluation of the C3 and C4 biomarkers, the roles of which are still 330 
unknown in the relationship between diet and inflammation, and of a set of 331 
inflammatory biomarkers rather than only one as well as the calculation of an 332 
inflammatory biomarker score, a more complex and integrated assessment of low-333 
grade inflammation. Van Bussel et al. [17] also used a biomarker score, but in a 334 
different combination. The inflammatory biomarkers, in general and in healthy 335 
people, are non-specific pro-inflammatory response markers [6], so our score 336 
attempted to combine the effects of all inflammatory biomarkers analyzed. 337 
This study has several limitations to be acknowledged. First, we used a food-338 
frequency questionnaire instrument to measure fruit and vegetable intake, and it is 339 
known that this instrument may overestimate the food intake; however, to overcome 340 
this limitation we excluded 150 participants who were considered over-reporters 341 
based on the Goldberg’s method [21]. Conversely, the food-frequency questionnaire 342 
is a useful instrument for ranking subjects by their level of food consumption, as we 343 
did by dividing the sample into three categories of consumption of fruits and 344 
vegetables and by using the 5-a-day recommendation cut-offs. Second, because of the 345 
lack of established biologic cut-off points for inflammatory biomarkers for 346 
adolescents, we used median values adjusted for age and sex in order to create two 347 
categories of inflammatory states. The study of the relationship between dietary 348 
intakes and inflammatory biomarkers in healthy populations is considered a difficult 349 
task [28]; nevertheless, our cut-off points for IL-6 (1.9ng/L for most age/sex groups, 350 
varying from 1.9 to 6.95ng/L) are very similar to the those reported in the Asklepios 351 
Study (1.6 ng/L) [36], and the authors found an association between the dietary 352 
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inflammation index and IL-6. Furthermore, our cut-off points for CRP (varying from 353 
0.11 to 0.79mg/dL) is very close that of Visser et al. (0.22 mg/dL) [10], which found 354 
an association between low-grade inflammation and overweight in children and 355 
adolescents. In addition to food consumption, also confounding factors were based on 356 
self-reports, namely, pubertal stage, which always includes a chance of bias. 357 
In summary, vegetable soup intake was inversely associated with IL-6 after 358 
adjustments for several biological and lifestyle confounders. Fruit or vegetable intake, 359 
treated alone, was not associated with any inflammatory biomarker or overall 360 
inflammatory biomarker score. Five or more portions of fruit and vegetable intake, 361 
when compared with less than one, were inversely associated with CRP, IL-6, C4 and 362 
overall inflammatory biomarker score after adjustments for biological and lifestyle 363 
characteristics. Taken together these findings support the 5-a-day fruit and vegetable 364 
intake recommendation to prevent a state of low-grade inflammation in adolescents. 365 
Future studies using longitudinal methodology are important to confirm or rule out 366 
our findings. 367 
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Table 1: Participants’	  characteristics	  according	  to	  sex	  in	  Portuguese	  adolescents 
 
All a (n=412) Girls a (n=216) Boys a (n=196) P value b 
 (%) (%) (%)  
Pubertal 
stage (Tanner A) 
2 7.2 33.3 11.7 
0.001 
3 33.0 54.6 36.2 4 47.1 12.0 38.8 5 12.6 2.8 13.3 
Pubertal 
stage (Tanner B) 
2 7.0 22.7 11.7 
<0.001 
3 20.6 46.8 18.4 4 50.2 27.8 54.1 5 22.1 3.2 15.8 
Body 
mass 
index 
underweight 3.6 3.7 3.6 
0.574 normal weight 66.7 65.3 68.4 overweight 22.1 21.8 22.4 obese 7.5 9.3 5.6 
Smoking 
habits d 
Current smokers 1.0 0.9 1.0 
0.037 
Occasional smokers 1.7 1.4 2.0 Former smokers 7.8 4.6 11.2 Non-smokers 89.6 93.1 85.7 
  (Median) (25th) (75th) (Median) (25th) (75th) (Median) (25th) (75th)  
Age (years) 14.9 12.6 15.7 14.9 12.6 15.6 15.0 12.7 15.8 0.143 
Socio-economic status 6.0 5.0 8.0 6.0 6.0 8.0 6.0 5.0 8.0 0.416 
Sedentary time c (minutes/day) 667.4 619.4 725.3 678.4 632.8 734.1 645.9 607.5 713.2 0.003 
Moderate-to-vigorous 
physical activity c (minutes/day) 51.0 39.1 65.3 45.5 35.1 59.5 56.7 43.0 71.5 <0.001 
Energy intake (kcal/day) 2 063 1 598 2 593 2 016 1 559 2 404 2 123 1 648 2 730 0.005 
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Fruit intake (portions/day) 1.2 0.72 1.92 1.28 0.71 2.00 1.18 0.75 1.82 0.735 
Vegetable intake (portions/day) 0.72 0.32 1.21 0.63 0.27 1.20 0.78 0.36 1.22 0.232 
Vegetable soup intake (portions/day) 0.43 0.07 0.79 0.43 0.14 0.89 0.29 0.07 0.79 0.033 
Fruit and vegetable 
intake (portions/day) e 2.63 1.46 3.77 2.62 1.43 3.96 2.64 1.51 3.56 0.610 
CRP (mg/L) 0.20 0.11 0.77 0.11 0.11 0.49 0.34 0.11 1.26 <0.001 
IL-6 (ng/L) 1.90 1.90 3.40 1.90 1.90 3.40 1.90 1.90 3.35 0.561 
C3 (mg/dL) 116.0 107.0 126.5 119.0 107.0 127.0 115.0 106.5 126.0 0.888 
C4 (mg/dL) 20.0 16.0 24.0 20.0 16.0 25.0 20.0 17.0 24.0 0.561 
Overall inflammatory 
biomarker score f 1.78 1.00 3.00 1.79 1.00 3.00 1.77 1.00 3.00 0.884 Abbreviations: CRP, C reactive protein; IL-6, Interleukin-6; C3, Complement component 3; C4, Complement component 4. 
a The data shown in percentage for categorical variables and median (interquartile range) for continuous variables. 
b P value was calculated based on Qui-squared test for categorical variables and Mann–Whitney U test for continuous variables. 
c n=329 (55.9% girls), there is some missing values in Sedentary time and Moderate-to-vigorous physical activity variables.  
d Qui-squared	  test	  performed	  with	  “Current	  smokers”	  and	  “Occasional	  smokers”	  together	  to	  improve	  power	  of	  test. 
e Sum of fruit, vegetable and vegetable soup portions intake. A vegetable soup portion was considered as a vegetable portion. 
f Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median.    
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Table 2: Percentage of participants according fruit and vegetable portion intake and inflammatory biomarkers categories in Portuguese adolescents 
 
Inflammatory Biomarkers a 
CRP (mg/L) IL-6 (ng/L) C3 (mg/dL) C4 (mg/dL) Overall inflammatory biomarker score b 
lower higher lower higher lower higher lower higher 0-1 2-4 (biomarkers above the median) 
Fruit intake (portions/day) <3 90.1 94.7 91.3 94.0 93.0 91.5 90.8 93.8 91.4 93.0 
≥3 9.9 5.3 8.7 6.0 7.0 8.5 9.2 6.2 8.6 7.0 
Vegetable intake (portions/day) <3 95.9 96.8 95.8 97.3 96.2 96.5 95.9 96.9 95.1 97.4 
≥3 4.1 3.2 4.2 2.7 3.8 3.5 4.1 3.1 4.9 2.6 
Vegetable soup intake (portions/day) <2 93.2 94.7 91.6 98.0 93.0 95.0 93.5 94.4 93.0 94.7 
≥2 6.8 5.3 8.4 2.0 7.0 5.0 6.5 5.6 7.0 5.3 
Fruit and Vegetable 
intake (portions/day) c 
<1 10.4 12.6 9.5 14.8 11.7 11.1 11.1 11.8 10.3 12.3 1-5 76.6 78.9 77.9 77.2 78.4 76.9 75.1 80.5 76.2 78.9 
≥5 13.1 8.4 12.5 8.1 9.9 12.1 13.8 7.7 13.5 8.8 Abbreviations: CRP, C reactive protein; IL-6, Interleukin-6; C3, Complement component 3; C4, Complement component 4. 
a  The data shows column percentage by each inflammatory biomarker categories. A p value was calculated based on Qui-squared test. Differences statically significant are shown in bold. 
b Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. 
c Sum of fruit, vegetable and vegetable soup portions intake. * p=0.009    
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Table 3. Association between fruit, vegetable, vegetable soup intake and inflammatory biomarkers among Portuguese adolescents 
 Fruit intake  OR (95% CI) Vegetable intake  OR (95% CI) Vegetable soup intake  OR (95% CI) 
 <3portions (ref.:	  ≥3portions) <3portions (ref.:	  ≥3portions) <2portions (ref.:	  ≥2portions) 
CRP models Model 1 a 1.06 (0.66-1.69) 1.30 (0.45-3.71) 1.30 (0.57-2.98) Model 2 b 1.04 (0.65-1.66) 1.29 (0.45-3.71) 1.20 (0.81-1.76) Model 3 c 1.31 (0.70-2.48) 2.13 (0.53-8.54) 2.20 (0.73-6.63) Model 4 d 0.85 (0.64-1.13) 1.98 (0.46-8.50) 1.98 (0.65-6.02) 
IL-6 models Model 1 a 1.06 (0.65-1.72) 1.58 (0.50-5.06) 4.44 (1.31-15.10)* Model 2 b 1.08 (0.66-1.76) 1.59 (0.50-5.08) 4.49 (1.32-15.29)* Model 3 c 1.51 (0.78-2.91) 1.85 (0.36-9.56) 13.73 (1.70-105.43)* Model 4 d 1.03 (0.77-1.37) 1.14 (0.19-7.03) 12.95 (1.63-102.84)* 
C3 models Model 1 a 0.71 (0.45-1.13) 1.07 (0.38-3.01) 1.43 (0.63-3.27) Model 2 b 0.71 (0.45-1.14) 1.07 (0.38-3.01) 1.44 (0.63-3.28) Model 3 c 1.07 (0.56-2.07) 1.60 (0.39-6.60) 2.63 (0.85-8.08) Model 4 d 0.92 (0.70-1.21) 1.37 (0.33-5.74) 2.51 (0.82-7.71) 
C4 models Model 1 a 1.19 (0.75-1.90) 1.36 (0.48-3.90) 1.15 (0.51-2.61) Model 2 b 1.19 (0.74-1.91) 1.36 (0.48-3.90) 1.15 (0.51-2.60) Model 3 c 1.52 (0.82-2.80) 2.62 (0.62-11.02) 1.45 (0.53-3.96) Model 4 d 0.88 (0.67-1.15) 1.92 (0.44-8.30) 1.32 (0.48-3.64) 
Overall inflammatory biomarker score models e Model 1 a 0.95 (0.60-1.52) 1.88 (0.66-5.39) 1.35 (0.60-3.04) Model 2 b 0.95 (0.60-1.53) 1.88 (0.66-5.40) 1.36 (0.60-3.05) Model 3 c 1.43 (0.75-2.73) 3.16 (0.76-13.18) 2.37 (0.80-7.02) Model 4 d 1.17 (0.59-2.30) 2.46 (0.56-10.31) 2.11 (0.71-6.33) Abbreviations: OR, odds ratio; CI, confidence interval; CRP, C reactive protein; IL-6, Interleukin-6; C3, 
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Complement component 3; C4, Complement component 4. 
a All models 1 were crude models; 
b All models 2 were adjusted for sex; 
c All models 3 were adjusted for sex, age, pubertal stage – Tanner A and B, body mass index, energy intake, socio-economic status, sedentary time, moderate-to-vigorous physical activity, and smoking habits. Model were performed with n=329 (55.9% girls) because there is some missing values in Sedentary time and MVPA variables. 
d Models 4 were adjusted for same variables from models 3 plus the others food group intake as covariates; on fruit portion intake models we also included vegetable portion intake and vegetable soup portion intake; on vegetable portion intake models we also included fruit portion intake and vegetable soup portion intake; and, on vegetable soup portion intake models we also included fruit portion intake and vegetable portion intake. Models were performed with n=329 (55.9% girls) because there is some missing values in Sedentary time and MVPA variables. 
e Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. * p<0.05; ** p<0.01.    
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Table 4: Association between five or more daily fruit and vegetable intake on inflammatory biomarkers among Portuguese adolescents 
 Fruit and vegetable portions OR (95% CI) 
 ≥5	  portions/day ≥1	  to	  <5	  portions/day <1 portion/day p for trend a 
CRP Models Model 1 b 1.00 1.60 (0.84-3.06) 1.89 (0.82-4.37) 0.114 Model 2 c 1.00 1.58 (0.83-3.03) 1.88 (0.81-4.34) 0.120 Model 3 d 1.00 2.90 (2.90-6.86)** 5.24 (1.62-16.97)* 0.005 
IL-6 models Model 1 b 1.00 1.61 (0.80-3.23) 2.42 (1.01-5.80)* 0.059 Model 2 c 1.00 1.57 (0.78-3.15) 2.45 (1.02-5.88)* 0.056 Model 3 d 1.00 2.40 (0.96-6.00) 5.36 (1.64-17.53)* 0.008 
C3 models Model 1 b 1.00 0.80 (0.43-1.50) 0.77 (0.34-1.75) 0.485 Model 2 c 1.00 0.81 (0.43-1.51) 0.77 (0.34-1.75) 0.491 Model 3 d 1.00 1.92 (0.81-4.53) 2.94 (0.90-9.67) 0.072 
C4 models Model 1 b 1.00 1.93 (1.00-3.72) 1.92 (0.83-4.46) 0.077 Model 2 c 1.00 1.93 (1.00-3.72) 1.92 (0.83-4.46) 0.077 Model 3 d 1.00 2.78 (1.22-6.33)* 3.39 (1.12-10.28)* 0.016 
Overall inflammatory biomarker score models e Model 1 b 1.00 1.59 (0.85-2.97) 1.84 (0.81-4.22) 0.118 Model 2 c 1.00 1.60 (0.85-2.99) 1.85 (0.81-4.23) 0.116 Model 3 d 1.00 4.15 (1.73-9.97)** 8.14 (2.44-27.18)** <0.001 Abbreviations: OR, odds ratio; CI, confidence interval; CRP, C reactive protein; IL-6, Interleukin-6; C3, Complement component 3; C4, Complement component 4. 
a Linear trends were tested for significance by assigning each subjects the median frequency of fruit and vegetable intake (portion/day) for the categories and treating this value as a continuous variable. 
b All models 1 were crude models; 
c All models 2 were adjusted for sex; 
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d All models 3 were adjusted for sex, age, pubertal stage – Tanner A and B, body mass index, energy intake, socio-economic status, sedentary time, moderate-to-vigorous physical activity, and smoking habits. Model were performed with n=329 (55.9% girls) because there is some missing values in Sedentary time and MVPA variables. 
e Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. * p<0.05; ** p<0.01.  
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7.3. PAPER III 
 
Associations between fruit and vegetable variety and low-grade 
inflammation in Portuguese adolescents from LabMed physical 
activity study.   [Submitted for publication]   
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Abstract 31 
Purpose: The dietary guidelines for the consumption of a variety of fruits and vegetables have been 32 
recognized as an important factor for achieving healthy eating patterns to reduce the risk of chronic 33 
disease throughout the lifespan. Our aim is to assess the association between fruit and vegetable variety 34 
and low-grade inflammation in adolescents. 35 
Methods: This cross-sectional analysis was conducted with 412 adolescents (ages 14.4±1.7years; 36 
52%girls). The consumption of a variety of fruits and vegetables was assessed with a food-frequency 37 
questionnaire, considering the number of individual/category of fruit or vegetable intake at least once 38 
month, and categorized into tertiles. Blood samples were collected to determine C-reactive protein 39 
(CRP), interleukin-6 (IL-6), complement component 3 (C3), and 4 (C4). We created categories of 40 
lower or higher (inflammatory state) for each biomarker, considering sex- and age-adjusted median 41 
values. We computed an overall inflammatory biomarker overall based on biomarker categories, and 42 
created categories of 0-1 or 2-4 biomarkers above the median. The odds ratio (OR) and 95% interval 43 
confidence (95%CI) were calculated from binary logistic regression to estimate the magnitude of 44 
association between fruit and vegetable variety and inflammatory biomarkers. 45 
Results: Adolescents with a greater variety of vegetable consumption  (≥13categories/month) had lower 46 
odds of having a higher CRP (OR=0.31, 95%CI=0.15-0.64, ptrend=0.004) when compared to those with 47 
lower  variety  consumption  (≤6categories/month), independent of vegetable quantity intake.  48 
Conclusions: The consumption of a variety of vegetables is inversely associated with lower CRP. This 49 
finding supports the current dietary guidelines regarding the consumption of a variety of vegetables. 50 
 51 
 52 
Keywords: 53 
C-reactive protein, Interleukin 6, Complement C3, Complement C4, Inflammatory biomarker score, 54 
Variety of diet.   55 
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Introduction 56 
Many chronic conditions have been associated with low-grade inflammation [1-4] such as obesity [5], 57 
type 2 diabetes [5,6], cardiovascular diseases [7,8], and cancer [9,10], in adulthood and seniors. It has 58 
also been reported that low-grade inflammation in children and adolescents is associated with obesity 59 
[11,12], central obesity [13,14], metabolic syndrome [15,16], impaired endothelial function and 60 
atherosclerosis [17]. Low-grade inflammation is characterized by the increased concentration of 61 
inflammatory biomarkers in the bloodstream [2] and several biomarkers including cytokines and acute 62 
phase proteins have been used to define low-grade inflammation. C-reactive protein (CRP) is the most 63 
widely used indicator of low-grade inflammation; however, its diagnostic criteria have not been 64 
precisely defined [1,3]. 65 
Epidemiological evidence shows that fruit and vegetable intake is inversely associated with low-grade 66 
inflammation [1]. Studies have reported the importance of increased quantities of fruit and vegetable 67 
intake, but little is known about the role of fruit or vegetable variety. However, several dietary 68 
guidelines recommend a varied diet, emphasizing plant-based foods in particular [18]. The World 69 
Health Organization is very objective in its guidelines and recommends eating “a variety of vegetables 70 
and fruits”  [19]. More recently, the U.S. updated its dietary guidelines to separate fruit and vegetable 71 
groups,  recommending  “a variety of vegetables” beyond a variety of nutrient-dense foods [20].  72 
The contribution to disease prevention of a large variety of fruit and vegetable intake is limited and 73 
results are inconclusive. Several studies have found no relationship between fruit and vegetable variety 74 
and incidence of cardiovascular disease [21,22], stroke [22], or bladder cancer [23], whereas other 75 
studies reported negative associations with the risk of type 2 diabetes [24], and cancer [25,26]. 76 
A dramatic increase in chronic disease closely connected with low-grade inflammation has been 77 
observed in youth [27,28], and these conditions can be associated with complications in adulthood, 78 
including early onset cardiovascular disease [28]. However, an increased intake of fruits and vegetables 79 
can reduce the incidence of chronic diseases, especially cardiovascular disease [29,30]. Fruit and 80 
vegetable intake among adolescents is low [31,32], even lower than in adults [33], and does not reflect 81 
the desired vegetable variety recommended in dietary guidelines [34]. Our aim is to study the 82 
association of fruit and vegetable variety with low-grade inflammation in adolescents, as measured by 83 
four inflammatory biomarkers and one overall score. 84 
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Subjects and Methods 85 
Study design and sampling  86 
This is a cross-sectional analysis from the baseline (fall 2011) of the study titled Longitudinal Analysis 87 
of Biomarkers and Environmental Determinants of Physical Activity Study (LabMed Physical Activity 88 
Study), a school-based prospective cohort study conducted in five schools in the north of Portugal that 89 
have collaborative agreements previously established with our research centre. A full description of the 90 
study protocol can be found elsewhere [35,36].  91 
Briefly, a previous sample size was estimated at 1086 subjects, considering a prevalence of 14% for the 92 
combined healthy diet/physical activity pattern exposure [40], for a power of 0.80 and two-tailed 93 
significance of 5%, and an expected dropout rate of 20%. Students from grades seven and ten were 94 
invited to participate (N=1678), and the criterion for participation was that both the adolescents and 95 
their parents or legal guardian provided written informed consent (n=1229). However, blood samples 96 
were collected only in subjects without known disease. All data were collected in schools. 97 
For this cross-sectional study, the sample comprises 412 adolescents (216 girls), between 12 and 18 98 
years old, for whom both blood sample collection (n=534) and accurate dietary intake (n=622) were 99 
available.  100 
 101 
Ethical standards 102 
All ethical issues have been guaranteed, and the study was conducted in accordance with the World 103 
Medical   Association’s   Helsinki   Declaration   for   Human   Studies. Written informed consent was 104 
obtained from adolescents and their parents or guardians. The Portuguese Data Protection Authority 105 
(#1112434/2011), the Portuguese Ministry of Science and Education (0246200001/2011) and the 106 
Faculty of Sport, University of Porto, approved the LabMed Physical Activity Study.  107 
 108 
Inflammatory biomarkers assessment and overall inflammatory biomarker score  109 
After at least ten hours of fasting, participants in a sitting position donated a blood sample collected 110 
from the antecubital vein. The samples were refrigerated (4º– 8°C) and sent to a laboratory to 111 
determine the inflammatory biomarkers: CRP by the latex-enhanced turbidimetric assay (Siemens 112 
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Advia 1600/1800, Erlangen, Germany); Interleukin-6 (IL-6) by the chemiluminescence immunoassay 113 
(Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA); and Complement component 3 114 
(C3) and 4 (C4) by the immunoturbidimetric assay (Siemens Advia 1600/1800, Erlangen, German).  115 
An elevation in the concentration of inflammatory biomarkers can be minimal or absent in low-grade 116 
inflammation [10], and no accepted international cut-points have been defined for adolescents. 117 
Therefore, we have decided to consider the inflammatory biomarkers’ sex- and age-adjusted median 118 
values in order to create two groups of participants: higher or lower (inflammatory state). The final 119 
median values for each category (higher/lower) were 0.11/0.92 mg/L for CRP, 1.90/4.20 ng/L for IL-6, 120 
107.00/127.00 mg/dL for C3, and 17.00/25.55 mg/dL for C4. 121 
We have also calculated an overall inflammatory biomarker score, assigning one point to subjects who 122 
were above the sex- and age-adjusted medians and zero to those who were below, for each 123 
inflammatory biomarker and totaled all points assigned. The overall inflammatory biomarker score 124 
varies from zero to four points. Two categories were defined: 0–1 (49.9%) and 2–4 (50.1%) 125 
inflammatory biomarkers above the median. 126 
 127 
Physical activity and sedentary time assessment 128 
GT1M Actigraph accelerometers (ActiGraph, Pensacola, Florida, USA) were used to assess physical 129 
activity and sedentary time. This is a lightweight, biaxial monitor that adolescents wore attached tightly 130 
at the hip on the right side of the body with the notch facing upwards. It was used during all waking 131 
hours and removed during water-based activities for five consecutive days (three weekdays and two 132 
weekend days). The epoch length was set to 2 seconds to allow a more detailed estimate of physical 133 
activity intensity. 134 
An automated data-reduction program (ActivLive 6.12, ActiGraph, Pensacola, Florida, USA) was 135 
utilized to analyze accelerometer data from individual participants. Non-wearing time was considered 136 
when 60 minutes of consecutive zeros were flagged. A valid day was considered to consist of at least 8 137 
hours of accelerometer use. The participants had to have at least three valid days to be included (two 138 
weekdays and one weekend day).  139 
After screening, the cut-points proposed by Evensons et al. [37] were used to determine physical 140 
activity intensities according to the raw activity counts. Physical activity was expressed in mean 141 
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counts.min-1 and also in estimates of the time spent in moderate-to-vigorous physical activity and 142 
sedentary time, using minutes.day-1. 143 
 144 
Dietary intake assessment  145 
A self-administered, semi-quantitative food-frequency questionnaire validated for a Portuguese 146 
population [38] and adapted to adolescents [39] was used to assess dietary intake in the previous 12 147 
months. The food-frequency questionnaire lists 91 food and beverage items or categories with a 148 
standard portion size, nine response options (from never or less than once per month to six or more 149 
times per day), and a seasonal alternative. Blank lines were included for participants to add any food 150 
that was not listed. The portion size in grams was multiplied by the multiple/fraction of daily frequency 151 
intake and by a seasonality variation factor for each option selected, and dietary intake was estimated. 152 
The Food Processor Plus program version SQL (ESHA Research, Salem, OR, USA), supplemented 153 
with the Portuguese food-composition databases [40,41], was used to convert food to energy and 154 
nutrient intakes. 155 
We included only accurate food-frequency questionnaires, using the Goldberg cut-off method [42] 156 
adapted by Black [43], for the determination and exclusion of dietary assessment misreporting. Thus, 157 
we calculated the basal metabolic rate using the Schofield equation [44], considering sex and age, and a 158 
ratio energy intake/basal metabolic rate to compare with 95% confidence limits (cut-offs). The cut-offs 159 
for our sample were determined using the following: mean physical activity level, number of days of 160 
dietary assessment, within-subject coefficient of variation in energy intake, between-subject variation 161 
in physical activity, and variation in basal metabolic rate. The mean physical activity level was 1.23, 162 
calculated using accelerometer data (counts.minutes-1 and daily use time) per the Trost equation [45]. 163 
We considered 21 days of dietary assessment, according to Black, for the food-frequency questionnaire 164 
[43]. The within-subject coefficient of variation in energy intake was calculated considering mean and 165 
standard deviation of energy intake in our sample and the number of dietary assessments. The between-166 
subject variation in physical activity was calculated considering the mean and standard deviation of 167 
physical activity level in our sample. A figure of 8.5% was used for the coefficient of variation of 168 
repeated basal metabolic rate measurements, as Black suggested [43]. The cut-offs achieved were 0.61 169 
and 2.48; therefore, adolescents with energy intake/basal metabolic rate outside of this range were 170 
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considered to have misreported dietary assessment, and 150 adolescents were excluded from the 171 
statistical analysis.  172 
The variety of intake of fruits and vegetables was defined by scores considering the total number of 173 
unique individual/categories of fruits or vegetables consumed at least once per month over the past 12 174 
months; no point was attributed for consumption < once per month, while 1 point was given for an 175 
intake  of  ≥ 1 time per month. For the fruit variety, the score considered a maximum of 12 categories, as 176 
follows: apple/pear, orange/tangerine, banana, kiwi, strawberry, cherry, peach/plum, 177 
melon/watermelon, persimmon, fig/medlar/apricot, grape, and papaya/mango; it excluded candied fruit 178 
and fruit juices because their sugar content is unknown and also to avoid replicating the same fruit 179 
variety listed above. For the vegetable variety, the score considered a maximum of 15 categories, as 180 
follows: white/savoy cabbages, bunch/Portuguese cabbages, curly kale, broccoli, cauliflower/Brussel 181 
sprout, turnip sprout/turnip greens/spinach, green bean, lettuce/watercress, onion, carrot, turnip, 182 
tomato, pepper, cucumber, pea/broad bean; it excluded starchy vegetables like potatoes and dried 183 
pulses because their starch content is very different from other foods and because there is no consensus 184 
about the inclusion of these foods in the vegetable category [46,47]. 185 
Adolescents were classified as having low-, medium-, and high-variety intake, according to the tertiles 186 
of the fruit and vegetable variety scores, considering the following: 1st tertile  ≤ 6 categories/month, 2nd 187 
tertile 7–12 categories/month, and 3rd tertile ≥ 13 categories/month for vegetable variety; and for fruit 188 
variety, 1st tertile   ≤ 9 categories/month, 2nd tertile 10–11 categories/month, and 3rd tertile = 12 189 
categories/month. 190 
 191 
Anthropometric data 192 
Weight and height were measured with a scale (TANITA Inner Scan BC532, Tokyo, Japan) and a 193 
stadiometer (SECA 213, Hamburg, Germany) respectively, with the adolescent standing upright, 194 
lightly dressed, and without shoes. We calculated the body mass index from the ratio of weight (kg) to 195 
height squared (m2), and adolescents were  classified  according  to  Cole’s  body mass index categories 196 
[48]. 197 
 198 
Pubertal stage  199 
Adolescents self-reported their pubertal stage (from 1 to 5) relatively to secondary sex characteristics, 200 
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according to the criteria of Tanner and Whitehouse [49]. Briefly, Tanner A indicates the stage of breast 201 
development in girls and genitalia development (penis size and testicular volume) in boys; and Tanner 202 
B indicates the stage of public hair distribution in both sexes. 203 
 204 
Socio-economic status  205 
Socioeconomic status was measured by the family affluence scale [50], from 0 to 9 points; a lower 206 
score indicates a lower socioeconomic status. 207 
 208 
Smoking habits 209 
Adolescents self-reported their smoking habits and were classified according to the World Health 210 
Organization’s criteria [51] as: non-smokers, former smokers (individuals who had stopped smoking 211 
for at least 6 months), occasional smokers (individuals who smoked, on average, less than one cigarette 212 
a day), and current smokers (individuals who smoked at least one cigarette a day). 213 
 214 
Statistical Analyses 215 
Participants’   characteristics   are   presented   for the whole sample and by sex as percentages for 216 
categorical variables and as medians and 25th and 75th percentiles for continuous variables. To assess 217 
the sex differences for each characteristic, the Mann-Whitney U test was used for continuous variables 218 
and a Chi-square test for categorical variables. 219 
We performed a Chi-square test to study the difference between inflammatory biomarker categories 220 
across the variety of fruit and vegetable intake (in tertiles).  221 
To study the association between fruit and vegetable variety tertiles and inflammatory biomarker 222 
categories, we constructed binary logistic regression models. There were four models for each 223 
inflammatory biomarker and for the overall inflammation biomarker score, as dependent variables, and 224 
fruit or vegetable variety tertiles as predictors, using the first variety tertiles as reference: crude models, 225 
and adjusted models 1, 2 and 3. Models 1 were sex-adjusted. Models 2 were adjusted for sex, age, 226 
pubertal stage (Tanner A and B), body mass index, energy intake, socioeconomic status, sedentary 227 
time, moderate-to-vigorous physical activity, and smoking habits. Models 3 were adjusted for the same 228 
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variables as models 2 plus for the quantity of fruit on the fruit variety model or the quantity of 229 
vegetable on the vegetable variety model. A multicollinearity diagnosis between independent variables 230 
was conducted and nothing was detected.  231 
Post hoc power calculations were conducted considering the smaller sample size (n=329), the smaller 232 
odds ratio for fully adjusted model (OR=0.3), a null hypothesis value of 0.5, a significance level of 233 
0.05, and we achieved a power of >0.99. 234 
A 0.05 level of significance and 95% CI (confidence interval) were considered. Data analysis was 235 
performed using the statistical package SPSS®, version 21.0 (SPSS Inc., Chicago, IL, USA), and 236 
power analysis was performed using G*Power, version 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007). 237 
 238 
Results 239 
The sample characteristics are presented in Table 1. On average, boys presented a higher variety of 240 
fruit and vegetable intake and higher levels of CRP than girls (p<0.05 for both).  241 
As depicted in Table 2, adolescents within the 3rd tertile of vegetable variety (higher variety) had a 242 
higher prevalence of a lower level of CRP, IL-6, C3, and the overall inflammatory biomarker score 243 
than adolescents within the 1st or 2nd tertiles. In respect to fruit variety, no differences are observed. 244 
As depicted in Table 3, adolescents with higher vegetable variety intake (3rd tertile) had a lower 245 
prevalence of a higher level of CRP (OR=0.31; 95%CI:0.15-0.64; ptrend=0.004) when compared to 246 
adolescents with lower variety (1st tertile) in the fully adjusted model (including vegetable quantity 247 
intake). In addition, adolescents with higher vegetable variety intake (3rd tertile) had a lower prevalence 248 
of higher overall inflammatory biomarker score (OR=0.47; 95%CI:0.25-0.87; ptrend=0.044) when 249 
compared to adolescents with lower variety (1st tertile) in the model adjusted for biological and lifestyle 250 
variables. However, this association is lost when we include vegetable quantity intake. In respect to 251 
fruit variety, C4 presented a positive statistically significant trend. However, the third tertile was not 252 
statistically significant. 253 
 254 
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Discussion 255 
The main finding of the present study emphasizes the importance of consuming a variety of vegetables 256 
to reduce low-grade inflammation, considering that high vegetable variety is inversely associated with 257 
CRP (p for trend <0.01, in all models). This relationship remains independent of vegetable quantity 258 
intake (p for trend =0.002 in the fully adjusted model, including vegetable quantity). These results 259 
support the current dietary guidelines regarding the importance of vegetable variety for a healthy eating 260 
pattern [20].  261 
The consumption of vegetables and fruits has been reported to be an important factor for the prevention 262 
of low-grade inflammation, but the focus of the discussion has especially been on the quantity of fruit 263 
and vegetable intake, while little has been discussed regarding variety, particularly for each of these 264 
two food groups [1]. Consuming a diet characterized by a large variety of vegetables, rather than 265 
consuming a monotonous diet, may favor reduced exposure to any undesirable, harmful components 266 
[52] and enables individuals to achieve intake of a larger number of nutrients and bio-active 267 
components [19,53] including vitamins, minerals, and phytochemicals [54]. In fact, plant-based foods 268 
are recognized as rich in bioactive phytochemicals [55], including those that have been widely studied 269 
such as flavonoids and carotenoids, and other unknown bioactive components that could be beneficial, 270 
either alone or in combination [54]. Those bioactive compounds are recognized as having an anti-271 
inflammatory effect, although their mechanisms remain poorly understood [56]; thereforethe, the exact 272 
components and their dosages for supplementation purposes to reduce inflammation have not yet been 273 
identified [57]. Unlike supplementation, the food matrix is accompanied by a variety of substances that 274 
can exert additive and synergistic functions [57], so the beneficial effects of those bioactive 275 
components and their diversity can also be attributed to additive and synergistic effects responsible for 276 
their potent antioxidant activities [58]. Despite our cross-sectional design, our results seem to reflect 277 
the additive and synergistic effects of the combination of different bioactive compounds, in a variety of 278 
vegetables as whole foods as an import factor in reducing low-grade inflammation, in this study 279 
assessed by the inflammatory biomarker CRP. 280 
It is interesting to note that this inverse relationship between vegetable variety intake and low-grade 281 
inflammation was found only for CRP, though the overall inflammatory biomarker score models were 282 
also inverse associated with vegetable variety intake, but this association is lost when adjusted for 283 
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vegetable quantity intake. The evidence indicates that certain bioactive compounds can be helpful in 284 
decreasing cardiovascular disease risk factors [59], and CRP is recognized as an established 285 
inflammatory biomarker for the risk of cardiovascular events [60]. Thus, our findings are in accordance 286 
with a review showing that a number of dietary intervention studies have provided evidence that 287 
dietary flavonoids can modulate CRP production [3]. In addition, studies have indicated that total 288 
flavonoid intake[61] or serum level of β-carotene[62] are inversely associated with serum CRP. 289 
Our results show a significant association (p for trend < 0.05) between low-grade inflammation and 290 
vegetable variety but not for fruit variety, contrary to what we expected. Furthermore, intermediate 291 
(2nd tertile) and higher (3rd tertile) fruit variety scores were positively and significantly associated 292 
with C4 (in all models) and IL-6 (in model 3), respectively, which remains to be explained. Several 293 
studies have found an inverse association between fruit quantity and inflammatory biomarkers, 294 
especially CRP [63-66], and IL-6 [67]. However, the role of C3 and C4 remains unknown. According 295 
to our knowledge, no studies have been published about fruit variety and low-grade inflammation; 296 
when fruit and vegetable variety are measured together, the negative association with CRP may be 297 
described [68]. However, considering that the composition of fruits and vegetables may be different 298 
among them, particularly for sugar content (fructose) [52], to consider their separate effects seems to be 299 
relevant. One factor that could be addressed in future research is the focus on the fructose content of 300 
fruit. A direct association between fructose intake and insulin resistance may exist [69,70], and it has 301 
been found that beverages sweetened with fructose can potentially increase CRP [71]. In fact, high 302 
fructose intake may be an inductor form of visceral adipose increase, which may stimulate 303 
inflammatory responses that further promote liver lipid accumulation and impair hepatic insulin 304 
signalling.[72] Furthermore, a positive relation between C4 and impaired glucose metabolism in 305 
adolescents were already observed.[73] Finds about IL-6 are controversial, while some authors have 306 
shown a positive relationship with impaired glucose metabolism in adolescents,[74] other authors have 307 
demonstrated no association.[73] 308 
Furthermore, we adjusted our models for important covariates of low-grade inflammation, such as 309 
physical activity, sedentary time, and pubertal stage, which may also help to explain the lack of 310 
significant associations in our study. In an experimental study, Raynor and Osterholt demonstrated that 311 
wide fruit variety (different fruit snacks) increases the amount of fruit consumed compared to fruit 312 
monotony (same fruit snack) [75], and in our study, we show a higher mean consumption of fruit 313 
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quantity (230.0 ± 178.2g) and variety (9.9 ± 2.9 categories in a maximum of 12) related to vegetable 314 
quantity (143.9 ± 150.8g) and variety (9.1 ± 4.6 categories in a maximum of 15). We also observed that 315 
fruit variety is more homogeneous (lower standard deviation) than vegetable variety, and therefore, 316 
vegetable variety was more discriminant than fruit variety on showing low-grade inflammation. 317 
Several limitations should be acknowledged. First, variety intake has been recognized as a factor for 318 
increased quantity intake [76]. However, in model adjusted 3, we included the quantity intake, and, in 319 
fact, the results changed in overall inflammatory biomarker score model. Second, we used a food-320 
frequency questionnaire that combines several fruits and vegetables into single items, making it 321 
impossible to distinguish one from another, and thus the variety may have possibly been 322 
underestimated. Furthermore, several studies used food-frequency questionnaire to measure fruit and 323 
vegetable variety intake [21,23,26,68], which may be a positive factor for comparison studies. Third, 324 
because of the lack of established cut-off points for inflammatory biomarkers for adolescents, and 325 
because the increase of inflammatory biomarkers in low-grade inflammation may be very low or even 326 
absent [2], we used sex-age-adjusted median values to create two categories of inflammatory states, 327 
permitting us to rank the sample and classify it according to lowest and highest inflammatory state. 328 
Nevertheless, our cut-off points for CRP (varying from 0.11 to 0.79mg/dL) are close to that reported by 329 
Visser et al (0.22 mg/dL) [12], reporting a positive association with overweight in children and 330 
adolescents. Forth, in addition to food consumption, also confounding factors were based on self-331 
reports, namely pubertal stage, which always gives a chance of bias. 332 
The strengths of our work include, beyond the novelty of its aim, the use of objectively measured 333 
physical activity and sedentary time as covariates, once sedentary time is considered a risk factor for 334 
cardiovascular health independent of physical activity levels [77], and physical activity has been 335 
reported as an important inductor of an anti-inflammatory environment [78]. Moreover, we used only 336 
accurate food-frequency questionnaires, according to Goldberg’s method [43], which is useful for 337 
evaluating the mean population bias in reports of energy intake. It recommends the use of information 338 
on physical activity rather than theoretical values available, which we followed. Furthermore, our 339 
models considered other important potential confounders such as age, body mass index, sex, and 340 
smoking habits that have been shown to be associated with inflammatory biomarker concentration 341 
[2,3]. Another strength is the use of a set of inflammatory biomarkers and an overall inflammatory 342 
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biomarker score because inflammatory biomarkers, in general and in healthy people, are non-specific 343 
pro-inflammatory response markers [3]. 344 
In summary, vegetable variety intake, independent of vegetable quantity intake, was inversely 345 
associated with CRP after adjustments for several biological and lifestyle confounders. These findings 346 
support the recommendation for choosing a variety of vegetables to ensure a healthy eating pattern. 347 
Variety related to fruit intake remained unclear. Future studies using longitudinal methodologies are 348 
necessary to confirm or rule out our findings. 349 
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Table 1: Participants’  characteristics  of  Portuguese  adolescents  from  the  LabMed  Physical  Activity  Study 
 All 
a 
(n=412) 
Girls a 
(n=216) 
Boys a 
(n=196) 
P value b 
Age (years) 14.9 (12.6 – 15.7) 14.9 (12.6 – 15.6) 15.0 (12.7 – 15.8) 0.143 
Pubertal 
stage 
(Tanner A) 
2 7.2% 33.3% 11.7% 
0.001 3 33.0% 54.6% 36.2% 
4 47.1% 12.0% 38.8% 
5 12.6% 2.8% 13.3% 
Pubertal 
stage 
(Tanner B) 
2 7.0% 22.7% 11.7% 
<0.001 3 20.6% 46.8% 18.4% 
4 50.2% 27.8% 54.1% 
5 22.1% 3.2% 15.8% 
Body mass 
index 
underweight 3.6% 3.7% 3.6% 
0.574 
normal weight 66.7% 65.3% 68.4% 
overweight 22.1% 21.8% 22.4% 
obese 7.5% 9.3% 5.6% 
Socioeconomic status 6.0 (5.0 – 8.0) 6.0 (6.0 – 8.0) 6.0 (5.0 – 8.0) 0.416 
Sedentary Time (minutes.day-1) c 667.4 (619.4 – 725.3) 678.4 (632.8 – 734.1) 645.9 (607.5 – 713.2) 0.003 
Moderate-to-vigorous physical 
activity (minutes.day-1) c 51.0 (39.1 – 65.3) 45.5 (35.1 – 59.5) 56.7 (43.0 – 71.5) <0.001 
Smoking 
habits d 
Current smokers 1.0% 0.9% 1.0% 
0.037 Occasional smokers 1.7% 1.4% 2.0% 
Former smokers 7.8% 4.6% 11.2% 
Non-smokers 89.6% 93.1% 85.7% 
Energy intake (kcal.day-1) 2 063 (1 598 – 2 593) 2 016 (1 559 – 2 404) 2 123 (1 648 – 2 730) 0.005 
Vegetable 
intake  
Quantity (g/day) 107.4 (47.0 – 180.3) 95.8 (40.8 – 177.4) 120.7 (55.3 – 183.5) 0.264 
Variety (categories/month) 10.0 (5.0 – 13.0) 9.0 (5.0 – 12.0) 10.0 (6.0 – 14.0) 0.004 
Variety 
tertiles  
1st:  ≤6  33.3% 38.4% 27.6% 
0.012 2nd: 7 - 12 36.9% 37.5% 36.2% 
3rd:  ≥13 29.9% 24.1% 36.2% 
Fruit 
intake 
Quantity (g/day) 192.7 (115.0 – 307.8) 204.4 (113.4 – 320.7) 188.9 (119.3 – 290.4) 0.735 
Variety (categories/month) 10.0 (7.0 – 11.0) 10.0 (7.0 – 11.0) 10.0 (8.0 – 12.0) 0.016 
Variety 
tertiles 
1st:  ≤9 43.7% 47.7% 39.3% 
0.009 2nd: 10 - 11 34.7% 36.6% 32.7% 
3rd: =12 21.6% 15.7% 28.1% 
CRP (mg/L) 0.20 (0.11 – 0.77) 0.11 (0.11 – 0.49) 0.34 (0.11 – 1.26) <0.001 
IL-6 (ng/L) 1.90 (1.90 – 3.40) 1.90 (1.90 – 3.40) 1.90 (1.90 – 3.35) 0.561 
C3 (mg/dL) 116.0 (107.0 – 126.5) 119.0 (107.0 – 127.0) 115.0 (106.5 – 126.0) 0.888 
C4 (mg/dL) 20.0 (16.0 – 24.0) 20.0 (16.0 – 25.0) 20.0 (17.0 – 24.0) 0.561 
Overall inflammatory biomarker 
score e 1.78 (1.00 – 3.00) 1.79 (1.00 – 3.00) 1.77 (1.00 – 3.00) 0.884 
Abbreviations: CRP – C-reactive protein, IL-6 – Interleukin-6, C3 - Complement component 3, C4 - Complement component 4. 
a The data shown column percentage for categorical variables and median (25th -75th percentiles) for continuous variables. 
b P value was calculated based on Qui-squared test for categorical variables and Mann–Whitney U test for continuous variables. 
c It was considered n=329 (55.9% girls), because there is some missing values in Sedentary time and Moderate-to-vigorous physical 
activity variables. 
d Qui-squared  test  performed  with  “Current  smokers”  and  “Occasional  smokers”  together  to  improve  power  of  test. 
e Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, 
wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below 
the median. 
 
 
  
Table 2: Differences between inflammatory biomarkers categories across fruit and vegetable variety tertiles 
 Vegetable variety (categories/month)  Fruit variety (categories/month) 
1st tertile:  
≤6 
2nd tertile:  
7 - 12  
3rd tertile: 
≥13  
pa 
 1st tertile: 
≤9  
2nd tertile: 
10 - 11  
3rd tertile: 
=12  
pa 
CRP (mg/L) Lower 50.7% 43.7% 69.9% <0.001  47.6% 55.6% 61.0% 0.123 
Higher 49.3% 56.3% 30.1%  52.4% 44.4% 39.0% 
IL-6 (ng/L) Lower 65.4% 56.3% 71.5% 0.003  69.9% 59.9% 62.2% 0.161 
Higher 34.6% 43.7% 28.5%  30.1% 40.1% 37.8% 
C3 (mg/dL) Lower 55.9% 41.7% 58.5% 0.010  52.4% 52.4% 48.8% 0.840 
Higher 44.1% 58.3% 41.5%  47.6% 47.6% 51.2% 
C4 (mg/dL) Lower 54.4% 45.7% 58.5% 0.091  56.6% 49.2% 53.7% 0.398 
Higher 45.6% 54.3% 41.5%  43.4% 50.8% 46.3% 
Overall inflammatory 
biomarker score b 
0-1 Biomarkers 
above median 
44.9% 35.8% 56.1% 0.003  46.2% 43.3% 46.3% 0.840 2-4 55.1% 64.2% 43.9%  53.8% 56.7% 53.7% 
Abbreviations: CRP – C-reactive protein, IL-6 – Interleukin-6, C3 - Complement component 3, C4 - Complement component 4. 
a The p value was calculated based on Qui-square test.  
b Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each 
category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. 
 
  
  
 
 
 
 
 Table 3: Association between vegetable and fruit variety tertiles and inflammatory biomarkers categories 
 Vegetable variety: OR (95% CI) Fruit variety: OR (95% CI) 
 
1st tertile  
≤  6 
2nd tertile  
7 to 12 
3rd tertile 
≥  13 Ptrend 
a 1
st tertile  
≤  9 
2nd tertile  
10 to 12 
3rd tertile  
≥  13 Ptrend 
a 
CRP models 
Crude 1.00 1.36 (0.86-2.17) 0.45 (0.27-0.75) 0.006 1.00 0.87 (0.56-1.35) 0.74 (0.45-1.24) 0.282 
Adjusted 1b 1.00 1.33 (0.84-2.13) 0.42 (0.25-0.71) 0.004 1.00 0.87 (0.56-1.35) 0.71 (0.42-1.20) 0.239 
Adjusted 2b,c 1.00 1.14 (0.65-1.99) 0.32 (0.17-0.61) 0.002 1.00 0.97 (0.57-1.64) 0.62 (0.33-1.17) 0.315 
Adjusted 3b,c 1.00 1.23 (0.63-2.02) 0.31 (0.15-0.64) 0.004 1.00 1.12 (0.65-1.93) 0.74 (0.39-1.42) 0.729 
IL-6 models         
Crude 1.00 1.51 (0.94-2.43) 0.76 (0.45-1.29) 0.452 1.00 1.01 (0.64-1.59) 1.12 (0.66-1.90) 0.773 
Adjusted 1b 1.00 1.53 (0.95-2.47) 0.79 (0.46-1.34) 0.538 1.00 1.01 (0.64-1.60) 1.17 (0.69-1.99) 0.807 
Adjusted 2b,c 1.00 1.57 (0.90-2.74) 0.73 (0.38-1.38) 0.501 1.00 1.04 (0.61-1.79) 1.74 (0.92-3.30) 0.253 
Adjusted 3b,c 1.00 1.62 (0.91-2.90) 0.76 (0.38-1.54) 0.623 1.00 1.10 (0.63-1.93) 2.16 (1.11-4.20) 0.066 
C3 models 
Crude 1.00 1.77 (1.12-2.82) 0.91 (0.56-1.49) 0.910 1.00 1.04 (0.67-1.62) 1.14 (0.69-1.90) 0.662 
Adjusted 1b 1.00 1.77 (1.11-2.83) 0.92 (0.56-1.51) 0.947 1.00 1.04 (0.67-1.62) 1.16 (0.70-1.94) 0.635 
Adjusted 2b,c 1.00 1.78 (0.99-3.18) 0.62 (0.33-1.18) 0.286 1.00 1.08 (0.63-1.86) 1.36 (0.71-2.60) 0.451 
Adjusted 3b,c 1.00 1.84 (1.00-3.37) 0.66 (0.32-1.36) 0.435 1.00 1.15 (0.66-2.00) 1.48 (0.76-2.88) 0.320 
C4 models 
Crude 1.00 1.42 (0.89-2.25) 0.86 (0.52-1.40) 0.668 1.00 1.64 (1.06-2.56) 1.17 (0.70-1.95) 0.111 
Adjusted 1b 1.00 1.41 (0.89-2.25) 0.85 (0.52-1.40) 0.660 1.00 1.64 (1.06-2.56) 1.17 (0.69-1.96) 0.110 
Adjusted 2b,c 1.00 1.32 (0.77-2.25) 0.76 (0.42-1.36) 0.452 1.00 1.71 (1.02-2.85) 1.46 (0.79-2.68) 0.057 
Adjusted 3b,c 1.00 1.50 (0.85-2.64) 0.94 (0.48-1.82) 0.967 1.00 1.96 (1.15-3.33) 1.72 (0.91-3.23) 0.016 
Overall inflammatory biomarker score models d 
Crude 1.00 1.50 (0.94-2.41) 0.65 (0.40-1.06) 0.136 1.00 1.09 (0.70-1.70) 0.98 (0.59-1.63) 0.869 
Adjusted 1b 1.00 1.50 (0.93-2.41) 0.65 (0.39-1.06) 0.140 1.00 1.09 (0.70-1.70) 0.99 (0.59-1.65) 0.852 
Adjusted 2b,c 1.00 1.52 (0.86-2.70) 0.47 (0.25-0.87) 0.044 1.00 1.10 (0.65-1.89) 1.22 (0.65-2.32) 0.545 
Adjusted 3b,c 1.00 1.76 (0.96-3.23) 0.61 (0.30-1.22) 0.272 1.00 1.24 (0.72-2.15) 1.44 (0.74-2.78) 0.268 
Abbreviations: OR – odds ratio, CI – confidence interval, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 – Complement component 3, C4 – 
Complement component 4. 
a Tests of linear trend were conducted for each model by assigning the median values of vegetable or fruit variety for each tertile to all participants 
in the tertile as an ordinal variable. The p-value of this variable was interpreted as the p-value for trend. 
b Models adjustment were: (1) for sex; (2) for sex, age, pubertal stage (tanner A and B), body mass index, energy intake, socio-economic status, 
sedentary time, moderate-to-vigorous physical activity, and smoking habits; (3) for the same variables of model 2 plus fruit quantity for fruit variety 
 models or vegetable quantity for vegetable variety models. 
c These models were performed with n=329 (55.9% girls) because there is some missing values in Sedentary time and Moderate-to-vigorous 
physical activity variables. 
d Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each 
category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. 
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ABSTRACT 39 
BACKGROUND/OBJECTIVES: The Dietary Inflammatory Index (DII) is a tool to 40 measure the diet’s inflammatory potential and has been used with adults to 41 predict low-grade inflammation. The present study aims to assess whether this 42 dietary score predicts low-grade inflammation in adolescents. 43 
SUBJECTS/METHODS: The sample comprises 412 adolescents (52.4% girls), 44 aged 12-18 years, from LabMed Physical Activity Study. DII score was calculated 45 based on a food-frequency questionnaire and categorized into tertiles. We 46 collected blood samples to determine the follow inflammatory biomarkers: C-47 reactive protein (CRP), interleukin-6 (IL-6), complement component 3 (C3), and 48 4 (C4). In addition we calculated an overall inflammatory biomarker score. Odds 49 ratios (OR) and 95% confidence intervals (95%CI) were computed from binary 50 logistic regression models.  51 
RESULTS: DII score, comparing first with third tertile, was positively associated 52 with IL-6 in all models: crude (OR=1.88, 95%CI:1.09-3.24, ptrend=0.011), adjusted 53 for sex (OR=1.84, 95%CI:1.06-3.18, ptrend=0.015) and fully adjusted (for 54 biological and lifestyle variables) (OR=3.38, 95%CI:1.24-9.20, ptrend=0.023). Also, 55 DII score was positively associated with C4, when fully adjusted (0R=3.12, 56 95%CI:1.21-8.10, ptrend=0.016). No significant associations were observed 57 between DII score and CRP or C3. However, DII score was positively associated 58 with the overall inflammatory biomarker score, when fully adjusted (OR=5.61, 59 95%CI:2.00-15.78, ptrend=0.002). 60 
CONCLUSIONS: DII score can be useful to assess the diet’s inflammatory 61 potential and its association with low-grade inflammation in adolescents.   62 
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INTRODUCTION 63 
Low-grade inflammation correlates with a set of chronic conditions1, 2 such as 64 obesity,3 diabetes,3, 4 cardiovascular diseases,5, 6 and cancer.7, 8 This association 65 has also been found in youth for obesity,9-11 central obesity,12, 13 metabolic 66 syndrome,14, 15 atherosclerosis,16 and several other cardiovascular risk factors.10, 67 
13 In addition, systemic inflammation in childhood and adolescence is known to 68 continue into adulthood.17 69 
Inflammatory status is heavily reliant on the measurement of the inflammatory 70 biomarkers, such as acute phase proteins and cytokines,1 and a number of 71 modifying factors, including diet, have been shown to influence the inflammatory 72 status in the life cycle.1, 2  73 
Studies about nutrition intake and low-grade inflammation in adolescents are 74 scarce. However, evidence suggests that the consumption of fat and antioxidant 75 vitamins (vitamins E, C, and beta-carotene) are determinants of low-grade 76 inflammation during adolescence.18 While antioxidant vitamins19, 20 and 77 polyunsaturated fatty acids19 seem to have anti-inflammatory properties, total 78 fat20 and saturated fat acids19, 20 seems to be pro-inflammatory. Moreover, a 79 Western dietary pattern is considered to be pro-inflammatory diet.19 80 
A dietary pattern approach has been considered advantageous because it 81 considers synergistic or antagonistic interactions among nutrients and other 82 food components.21 The Dietary Inflammatory Index (DII)22, 23 is a score that 83 attempts to combine the inflammatory property of each nutrient or food 84 component of the diet. 85 
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The DII was designed by Cavicchia22 and updated by Shivappa,23 and it is a tool 86 to measure the diet’s inflammatory power, scoring individuals’ diets from 87 maximal anti-inflammatory to maximal pro-inflammatory. This index was 88 initially (in the first version) correlated to C-reactive protein (CRP) in apparently 89 healthy adults22 and seniors24 (in an adapted first version) and also to other 90 inflammatory biomarkers such as interleukin-6 (IL-6) and a combined 91 inflammatory biomarker score in adults and seniors.25 For the updated version, 92 several studies have found associations between DII score and CRP, in adults and 93 seniors,26 and IL-6, tumour necrosis factor-alpha (TNF-α) and another score of 94 combined inflammatory biomarker in postmenopausal women.27 The DII score 95 has been used in several studies to predict mortality,28, 29 survival30, and 96 diseases, especially cancer,30, 31 but also obesity,32 cardiovascular disease,33 and 97 metabolic syndrome.32, 34 98 
Considering that the published studies using the DII score were predominantly 99 conducted with adults or seniors, and no study was found to focus on 100 adolescents, this paper aims to assess the association between DII score and 101 inflammatory biomarkers in adolescents. 102 
 103 
SUBJECTS AND METHODS 104 
Study design and sampling  105 
We used baseline data, collected in 2011, from the Longitudinal Analysis of 106 Biomarkers and Environmental Determinants of Physical Activity Study (LabMed 107 Physical Activity Study). The LabMed Physical Activity Study is a school-based 108 
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prospective cohort study carried out in five schools from the north of Portugal, 109 which aimed to evaluate the independent and combined associations of dietary 110 intake and fitness levels on blood pressure levels of adolescents. 111 
The LabMed Physical Activity study was conducted in accordance with the World 112 
Medical	   Association’s	   Helsinki	   Declaration	   for	   Human	   Studies.	   The	   Portuguese	  113 Data Protection Authority (#1112434/2011), the Portuguese Ministry of Science 114 and Education (0246200001/2011) and Faculty of Sport, University of Porto, 115 approved the	   study.	   All	   participants	   were	   informed	   of	   the	   study’s	   goals,	   and	  116 written informed consent was obtained from participating adolescents and their 117 parents or guardians.  118 
Considering combined healthy diet/physical activity pattern prevalence of 119 14%,35 we calculated a minimum sample size of 1086 subjects for have a power 120 of 80%, to detect 15% difference between exposed and unexposed, at 5% 121 significance, considering an expected dropout rate of about 20%. 122 
From an initial total sample of 1229 apparently healthy adolescents (12–18 123 years), 534 accepted to undergo blood collection. Of these, 412 adolescents had 124 completed and accurate data on dietary intake. We found no differences in most 125 variables between those who accepted or not to undergo blood sampling. 126 However, boys, olders and daily smokers reject more undergoing blood 127 sampling. 128 
 129 
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Inflammatory biomarkers assessment and overall inflammatory biomarker 130 
score  131 
Blood samples were collected from the antecubital vein, at least ten hours of 132 fasting conditions, refrigerated (4º–8°C), and sent to laboratory for measure 133 inflammatory biomarkers: CRP by the latex-enhanced turbidimetric assay 134 (Siemens Advia 1600/1800, Erlangen, Germany); IL-6 by the chemiluminescence 135 immunoassay (Immulite 2000, Diagnostic Products Corporation, Los Angeles, 136 CA); complement component 3 (C3) and 4 (C4) by the Immunoturbidimetric 137 assay (Siemens Advia 1600/1800, Erlangen, German).  138 
Inflammatory biomarkers were dichotomized, based on sex- and age-adjusted 139 median values, because they have a very skewed distribution, and no cut-offs 140 values is established for adolescents. Categories considered were higher or 141 lower inflammatory state. Medians of each category (higher/lower) were 142 defined as follows: 0.11/0.92 mg/L for CRP, 1.90/4.20 ng/L for IL-6, 143 107.00/127.00 mg/dL for C3, and 17.00/25.55 mg/dL for C4.  144 
We created an overall inflammatory biomarker score considering each 145 biomarker categories, assigning one point to those who were above the sex- age-146 adjusted median or zero for those who were below, and summing all points 147 assigned. The overall inflammatory biomarker score varies from zero to four 148 inflammatory biomarkers above the median. We also create two categories: 0–1  149 (49.9%) or 2–4 (50.1%) biomarkers above the median. 150 
 151 
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Physical activity and sedentary time assessment 152 
The physical activity and sedentary time were assessed with accelerometers 153 GT1M (ActiGraph, Pensacola, Florida, USA). Participants were instructed to use 154 the accelerometer attached on the right side of hip, with the notch faced 155 upwards, over five consecutive days (three weekdays, two weekend days) during 156 waking hours and remove it during water-based activities. The epoch length was 157 set to 2 seconds to allow a more detailed estimate of physical activity intensity. 158 
Accelerometer data were analysed by an automated data reduction program 159 (ActivLive 6.12, ActiGraph, Pensacola, Florida, USA). Periods with 60 minutes of 160 consecutive zeros were detected and flagged non-wear time. Participants had to 161 have at least 8 hours of data to count as a valid day and to have at least three 162 valid days (two weekdays, one weekend day) to be included. This combination of 163 hours and days were studied to achieve a reliability of 90%.36 164 
After screening,	   the	   raw	   activity	   “counts”	   was processed for determination of 165 time spent in the different physical activity intensities. Physical activity was 166 expressed as the time spent in moderate-to-vigorous physical activity. The cut-167 points recommend by American College of Sports Medicine37 were used and we 168 identify moderate-to-vigorous physical activity and sedentary time was 169 expressed in minutes.day-1.  170 
 171 
Dietary intake assessment  172 
A self-administered semi-quantitative food-frequency questionnaire validated 173 for Portuguese population,38 and adapted to adolescents,39 was used to measure 174
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the dietary intake. The food-frequency questionnaire lists 91 options of food and 175 beverage items or categories, and assesses the food habits in previous 12 176 months. For each option, there are nine response possibilities (from	   “never	  or	  177 
less	   than	   once	   per	   month” to	   “six	   or	   more	   times	   per	   day”), standard portion 178 sizes, and a seasonality choice. In the end, there is still space available for each 179 respondent include any food not listed. Dietary intake estimation was made 180 multiplying the portion size in grams by the multiple/fraction of daily frequency 181 intake and by a seasonality variation factor for each option selected. The 182 conversion, from food to energy and nutrients intake, was performed using The 183 Food Processor Plus program version SQL (ESHA Research, Salem, OR, USA). 184 This database was supplemented with the Portuguese food composition 185 database.40  186 To determine the misreporting of dietary assessment, implausible energy intake 187 was calculated using the Goldberg’ method, adapted by Black.41 First, the basal 188 metabolic rate was calculated using Schofield equation, considering sex and age. 189 Second, a ratio energy intake/basal metabolic rate was compared to the 95% 190 confidence limits (cut-offs). The cut-offs were calculated using our sample 191 specific values for: mean of physical activity level, number of days of dietary 192 assessment, within-subject coefficient of variation in energy intake, between-193 subject variation in physical activity, and variation in basal metabolism rate. The 194 physical activity level was calculated in using counts.minutes-1 and time of daily 195 use from accelerometers, as Trost formula,42 reaching a value of 1.23. A number 196 of 21 days of diet assessment was considered, as Black recommendation for 197 food-frequency questionnaire.41 The within-subject coefficient of variation in 198 energy intake was calculated considering mean and standard deviation of energy 199 
 186 
intake in our sample. Between-subject variation in physical activity was 200 calculated considering mean and standard deviation of physical activity level in 201 our sample. A figure of 8.5% was used for the coefficient of variation of repeated 202 basal metabolic rate measurements, as Black suggested.41 The cut-offs calculated 203 were 0.61–2.48; accordingly, a total of 150 adolescents with energy intake/basal 204 metabolic rate below 0.61 and over 2.48 were considered as misreporting of 205 dietary assessment and were excluded.  206 Energy intake was expressed in kj.day-1 and kcal.day-1.  207 Food-frequency questionnaire data was also used to calculate DII score.  208  209 
Description of the Dietary Inflammatory Index score 210 
The DII is a literature-based tool23 that measures the diet’ inflammatory 211 properties by a score, and it is based on review about the role of food and dietary 212 constituents on follow inflammatory biomarkers: CRP, TNF-α and	   Interleukin’s 213 1β, 4, 6 and 10. The review pointed 45 food parameters and they were scored 214 with +1, -1 or 0 according to their inflammatory effects: pro, anti or null, 215 respectively. The number of articles and the type of study were also used to 216 weight each one of 45 food	  parameters	  and	  calculate	  a	  “food	  parameter-specific 217 overall inflammatory	  effect	  score”, used as multiplying factors, to calculate a DII 218 score. The final score, ranging from -8.87 to 7.98, is interpreted as strongly anti-219 inflammatory to strongly pro-inflammatory, respectively. 220 
In this study, the DII score was calculated considering 31 food parameters. 221 Eugenol, garlic, ginger, saffron, turmeric, flavan-3-ol, flavones, flavonols, 222 flavonones, anthocyanidis, isoflavones, pepper, thyme/oregano, rosemary were 223 
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not included because no information was available for these components in the 224 Food Processor nutritional database neither those herbs or spices were included 225 in the food-frequency questionnaire. 226 
Briefly describing the DII score calculation according to Shivappa,23 first a mean 227 and standard deviation were calculated for the 31 food parameters available 228 (table 1), because no global data for adolescent is available. Second, a z-score of 229 each food parameter and for each participant was calculated. Third, the 230 individual z-score were converted to a centred percentile. Fourth, each centred 231 percentile were multiplied by its respective food parameter-specific overall 232 inflammatory effect score, published by Shivappa23, and the food parameter-233 specific DII score is obtained. Finally, the 31 food parameter-specific DII score 234 was summed and an individual DII score was obtained. All food parameters are 235 correlated (p<0.001) with DII score; caffeine, alcohol and green/black tea are 236 food parameters with weakest correlation; while magnesium, vitamin B6 and 237 dietary fibre are food parameters with strongest correlations (table 1). 238 
Our DII score values was ranging from -5.36 to 4.24, and it was categorized, 239 based on tertiles values, in accordance with Shivappa,26 considering Low (1st 240 tertile: <-1.34), Medium (2nd tertile: -1.34 to 1.41) and High (3rd tertile: >1.41) 241 pro-inflammatory dietary property. 242  243 
Anthropometric assessment data 244 
Height and weight were measured with a portable stadiometer (SECA 213, 245 Hamburg, Germany) and a portable scale (TANITA Inner Scan BC532, Tokyo, 246 Japan), respectively. Adolescents should be standing upright, lightly dressed and 247 
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no shoes. Body mass index was calculated from the weight (kg) to height squared 248 (m2) ratio and participants were classified as underweight, normal weight, 249 overweight and obese.43  250 
 251 
Pubertal stage  252 Pubertal stage, from 1 to 5, was self-assessed relatively the secondary sex 253 characteristics, according to Tanner and Whitehouse criteria.44  254 
 255 
Socio-economic status  256 
Socio-economic status was self-assessed with Family Affluence Scale,45 ranking 257 from 0 to 9, considering lower scores as lower socio-economic status. 258 
 259 
Smoking habits 260 
Smoking habits was self-reported and participants were classified according 261 World Health Organization criteria46 as: non-smokers, former smokers, 262 occasional smokers, and current smokers. 263 
 264 
Statistical Analyses 265 
Participants’	   characteristics	   are	   presented	   as	   percentages, medians and inter-266 quartiles range. Mann-Whitney U test, Qui-square test and Spearman’s	  267 correlation were used to assess associations between variables. 268 
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To study the association between DII score tertiles and inflammatory 269 biomarkers, fifteen binary logistic regression models were constructed. There 270 were three models (crude, sex-adjusted and fully adjusted) for each 271 inflammation biomarker and for the overall inflammatory biomarker score, as 272 dependent variables, and DII score tertiles, as predictor. Fully adjusted model 273 were adjusted for sex, age, pubertal stage (Tanner A and B), body mass index, 274 energy intake, socio-economic status, sedentary time, moderate-to-vigorous 275 physical activity and smoking habits. Multicollinearity was tested, and no 276 multicollinearity between independent variables was observed. Post hoc power 277 calculations were performed considering our minimal sample size (n=329), our 278 minimal odds ratio (OR=3.12), a null hypothesis value of 0.5, and 5% 279 significance, achieving a power of 0.99. 280 A 0.05 level of significance and 95%CI (confidence interval) were considered. 281 Data was analysed using the statistical package SPSS®, version 21.0 (SPSS Inc., 282 Chicago, IL, USA) and power were calculated using G*power, version 3.1 (Faul, 283 Erdfelder, Lang, & Buchner, 2007). 284  285 
RESULTS 286 
Girls presented on average a higher DII score and lower CRP than boys (table 2).  287 
The IL-6 was positively correlated with DII score and adolescents within the 3rd 288 tertile of the DII score had higher prevalence of higher IL-6 than adolescents 289 within the 1st or 2nd tertiles. No significant differences or correlations were 290 observed for the other biomarkers or for the overall inflammatory biomarker 291 score and DII score (table 3). 292 
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Table 4 shows that adolescents within the 3rd tertile of the DII score showed 293 significantly higher odds of having higher IL-6 in all models: crude (OR=1.88, 294 95%CI:1.09-3.24, ptrend=0.011), sex-adjusted (OR=1.84, 95%CI:1.06-3.18, 295 ptrend=0.015), and fully adjusted (OR=3.38, 95%CI:1.24-9.20, ptrend=0.023). Also, 296 for fully adjusted models, adolescents within the 3rd tertile of the DII score 297 showed significantly higher odds of having higher C4 (0R=3.12, 95%CI:1.21-8.10, 298 ptrend=0.016), and overall inflammatory biomarker score (OR=5.61, 95%CI:2.00-299 15.78, ptrend=0.002). 300  301 
DISCUSSION 302 
To the best of our knowledge, this is the first study exploring associations 303 between the DII score and inflammatory biomarkers in adolescents. 304 
We showed that DII score predicted low-grade inflammation, specifically IL-6, C4 305 and the overall inflammatory biomarker score, in adolescents. In our study, the 306 DII score was independently and positively correlated with IL-6, and adolescents 307 whose diets showed low- or medium-inflammatory properties had a lower 308 prevalence of higher IL-6. Also, in the fully adjusted regression model, when 309 comparing DII score 1st tertile (low-inflammatory diet) with the 3rd tertile (high-310 inflammatory diet), the odds of having higher IL-6 was about three times higher. 311 These findings seem to be important since IL-6 is considered a more sensitive 312 indicator of cardiovascular disease than others like CRP.47, 48  313 
In our study, DII score was not associated with CRP, contrary to what we were 314 expecting considering the DII scores conception (a literature-based tool about 315 
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the role of diet on inflammatory biomarkers, including CRP)22, 23 and 316 validation,22, 26 but consistent with other studies in adults.25, 27 However, some 317 studies have found this relationship, particularly those conducted with 318 apparently healthy adults,22, 26, 34 or seniors.24 In this regard, it is important to 319 notice that in these studies, the CRP mean levels were much higher than in our 320 sample. For example, in the SEASONS cohort,26 CRP mean ranged from 2.2±5.1 to 321 2.2±5.7mg/L in women and from 2.3±4.4 to 2.4±4.6mg/L in men, whereas in our 322 study, the corresponding values were 0.83±2.24mg/L (girls) and 1.62±4.54mg/L 323 (boys). Moreover, only 7% of the participants in our study presented CRP levels 324 between 3 and 10mg/L, while in the SEASONS cohort, this prevalence reached 325 18%. Another important concept to be noted is the number of modifying factors 326 related to the inflammatory biomarkers such as age or body fatness.1, 2 Again 327 comparing again our study to the SEASONS cohort,26 our age range is 12–18 328 years, while the SEASONS cohort is 20–70 years; by contrast, our prevalence of 329 normal BMI is about 65% (girls) and 68% (boys), while the SEASONS cohort was 330 about 44% (women) and 30% (men). Thus, with all of these parameters 331 described, differences in the prevalence of CRP inadequacy and the presence of 332 modifying factors of inflammatory biomarkers between samples may help to 333 explain the differences in the association between DII score and CRP across the 334 studies. 335 
We also found an association between the DII score with C4 and the overall 336 inflammatory biomarker score, in line with some authors25, 27 who found a 337 relationship between DII score and a different inflammatory biomarker scores 338 only for the fully adjusted model. This means that adolescents with a high pro-339 inflammatory diet have an odds ratio five times higher of having two to four 340 
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biomarkers above the median. However, these associations are true only for the 341 fully adjusted model. Calder et al.1 discuss how modifying factors can affect the 342 concentration of inflammatory biomarkers, and we try to control the effect of 343 most of the possible variables in the fully adjusted models, such as age and 344 pubertal stage; body mass index as a measurement of body fatness; sedentary 345 time and moderate-to-vigorous physical activity as measurements of physical 346 (in)activity; sex, smoking habits and socio-economic status. These factors 347 together must have a significant impact on inflammatory biomarkers, masking 348 the association between DII score with C4 and with the overall inflammatory 349 biomarker score in the crude models. However, when we control those variables, 350 the association between DII score with C4 and the overall inflammatory 351 biomarker score can be observed. 352 
Additionally, we found an association between DII score and the overall 353 inflammatory biomarker score, but not for CRP or C3, although the trend is 354 significant for C3. Furthermore, the overall inflammatory biomarker score had 355 showed a higher odds ratio (OR=5.61) than IL-6 (OR=3.38) or C3 (OR=3.12). In 356 fact, the inflammatory biomarkers in general are considered non-specific pro-357 inflammatory response markers in healthy people, and the biomarkers’ 358 signatures that best represent low-grade inflammation are yet to be fully 359 understood.2 Our overall inflammatory biomarker score is a more complex and 360 integrated assessment of low-grade inflammation, rather than just an 361 inflammatory biomarker alone. This score takes into account the sums of the 362 effects of all inflammatory biomarkers, that is, those that were shown to have a 363 relationship with the DII (IL-6 and C4) and those that did not (CRP and C3), and 364 it seems to represent better low-grade inflammation in this group of adolescents. 365 
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The strengths of this study include the novelty of its aim and the use of 366 objectively measured physical activity and sedentary time. We also included 367 sedentary time as a covariate in our models once it was considered a risk factor 368 for cardiovascular health independently of physical activity levels.49 In addition, 369 we use only accurate food-frequency questionnaires, according to Goldberg’ 370 method.41 That method is useful to evaluate the mean population bias in 371 reporting energy intake and recommends the use of information about physical 372 activity, as we do. Moreover, our models considered other important potential 373 confounders such as age, body mass index, sex, and smoking, considering them 374 as modifying factors that affect the inflammatory biomarker concentration.1, 2 375 
This study is not without limitations. First, due to lack of cut-offs established for 376 inflammatory biomarkers, we used median values age- and sex-adjusted. For IL-377 6, we considered 1.9ng/L (1.9–6.95ng/L) for most age/sex group. Nevertheless, 378 our cut-offs are very close to those reported by the Asklepios Study (1.6ng/L for 379 IL-6),50 where authors also found an association between DII score and IL-6. For 380 CRP, our cut-offs (0.11–0.79mg/dL) are close to that reported by Visser (0.22 381 mg/dL),11 reporting a positive association with overweight in children and 382 adolescents. Second, we used inflammatory biomarkers considered non-383 specificity in order to measure low-grade inflammation in healthy subjects;1, 2 384 however, we attempted to overcome this with adjusted models and the overall 385 inflammatory biomarker score. Third, we calculated the DII score using only 31 386 out of a possible 45 food parameters because only these components are present 387 in our database. Thus, DII score in our sample has a lower range (-5.36 to 4.02) 388 than the original possible ranges (-8.87 to 7.98).23 However, it represents 56% of 389 the score range and is similar to the SEASONS cohort (57%).26 390 
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In summary, DII score was associated with IL-6, C4 and the overall inflammatory 391 biomarker score after adjustments for biological and lifestyle characteristics. DII 392 score was not associated with CRP and C3 in Portuguese adolescents.  393 
DII	   score	   can	   be	   useful	   to	   assess	   the	   diet’s	   inflammatory	   properties and its 394 association with low-grade inflammation in adolescents.  395 
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FIGURE LEGENDS 
Table 1: Mean, standard deviation and correlation with final score of food parameters included in the calculation of DII score for the adolescents from LabMed Physical Activity Study Abbreviations: DII – Dietary Inflammatory Index; RE = retinol equivalents; rs – Spearman correlation coefficient. 
a Correlation coefficients based on Spearman test, p<0.001 for all. 
Table 2: Participants’	  characteristics according to sex in Portuguese adolescents from LabMed Physical Activity Study Abbreviations: DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 – Complement component 3, C4 – Complement component 4. 
a The data shown in percentage for categorical variables and median (interquartile range) for continuous variables. 
b P value was calculated based on Qui-squared test for categorical variables and Mann–Whitney U test for continuous variables. 
c Qui-squared	   test	   performed	   with	   “Current	   smokers”	   and	   “Occasional	   smokers”	  together to improve power of test.  
d It was considered n=329 (55.9% girls), because there is some missing values in Sedentary time and Moderate-to-vigorous physical activity variables. 
e Qui-squared	   test	   performed	   with	   “Current	   smokers”	   and	   “Occasional	   smokers”	  together to improve power of test. 
f Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex  or zero if below the median.  
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Table 3: Differences and correlations between inflammatory biomarkers and DII score in Portuguese adolescents from the LabMed Physical Activity Study Abbreviations: DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 – Complement component 3, C4 – Complement component 4. 
a P values and rs coefficients were based on Spearman test.  
b P value was based on Qui-square test.  
c Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex or zero if below the median. 
Table 4: Association between DII score tertiles and inflammatory biomarkers categories among adolescents from LabMed Physical Activity Study Abbreviations: OR – odds ratio, CI – confidence interval, DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 – Complement component 3, C4 
– Complement component 4 
a All fully adjusted model were adjusted for Sex, Age, Pubertal stage – Tanner A and B, Body mass index, Energy intake, Socio-economic status, Sedentary behaviour, Moderate-to-vigorous physical activity, and Smoking habits. There are some missing values in Sedentary time and Moderate-to-vigorous physical activity variables, so this models is based in n=329 (55.9% girls). 
b Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex  or zero if below the median.   
 203 
Table 1: Mean, standard deviation and correlation with final score of food 
parameters included in the calculation of DII score for adolescents from 
LabMed Physical Activity Study 
DII food parameters Mean SD rsa Alcohol (g/day) 1.22 3.94 -0,219 
Vitamin	  B12	  (μg/day) 13.60 10.80 -0,551 Vitamin B6 (mg/day) 2.38 0.88 -0,904 
β-Carotene	  (μg/day) 1 011.43 902.78 -0,699 Caffeine (g/day) 33.51 34.71 -0,185 Carbohydrate (g/day) 266.47 97.26 -0,745 Cholesterol (mg/day) 357.56 168.84 -0,595 Energy (kcal/day) 2 127.72 680.98 -0,809 Total fat (g/day) 76.65 27.04 -0,708 Fiber (g/day) 21.85 10.18 -0,903 
Folic	  acid	  (μg/day) 372.69 182.23 -0,893 Green/black tea (g/day) 17.20 42.51 -0,263 Iron (mg/day) 16.63 6.33 -0,885 Magnesium (mg/day) 331.71 119.47 -0,919 Monounsaturated fatty acids (g/day) 31.49 11.74 -0,717 Niacin (mg/day) 24.91 9.08 -0,840 n-3 Fatty acids (g/day) 1.40 0.61 -0,793 n-6 Fatty acids (g/day) 10.33 4.67 -0,680 Onion (g/day) 13.27 21.63 -0,409 Protein (g/day) 99.92 34.77 -0,794 Polyunsaturated fatty acids (g/day) 13.97 5.73 -0,727 Riboflavin (mg/day) 2.48 1.00 -0,726 Saturated fat (g/day) 24.60 8.84 -0,580 Selenium (mg/day) 102.87 39.99 -0,827 Thiamin (mg/day) 1.79 0.64 -0,859 Trans fat (g/day) 1.06 0.59 -0,455 Vitamin A (RE/day) 1 237.95 1 277.34 -0,735 Vitamin C (mg/day) 148.70 97.01 -0,817 
Vitamin	  D	  (μg/day) 4.86 2.89 -0,645 Vitamin E (mg/day) 8.91 4.07 -0,860 Zinc (mg/day) 13.10 4.72 -0,703 Abbreviations: DII – Dietary Inflammatory Index; RE – retinol equivalents; SD – standard deviation; rs – correlation coefficient.  a Correlation coefficients based on Spearman Test. All p<0.001.   
 Table  2:  Participants’  characteristics  according  to  sex  in  adolescents  from  the  LabMed  Physical Activity Study 
  
All a Girls a Boys a p b (n=412) (n=216) (n=196) 
DII score 0.61 (-1.10 – 2.10) 0.84 (-0.82 – 2.27) 0.43 (-1.60 – 1.89) 0.032 
Age (years) 14.9 (12.6 – 15.7) 14.9 (12.6 – 15.6) 15.0 (12.7 – 15.8) 0.143 
Pubertal stage: 
Tanner A c 
2 7.2% 33.3% 11.7% 
0.001 
3 33.0% 54.6% 36.2% 4 47.1% 12.0% 38.8% 5 12.6% 2.8% 13.3% 
Pubertal stage: 
Tanner B c 
2 7.0% 22.7% 11.7% 
<0.001 
3 20.6% 46.8% 18.4% 4 50.2% 27.8% 54.1% 5 22.1% 3.2% 15.8% 
Body mass index 
underweight 3.6% 3.7% 3.6% 0.574 normal weight 66.7% 65.3% 68.4% overweight 22.1% 21.8% 22.4% obese 7.5% 9.3% 5.6% 
Socio-economic status 6.0 (5.0 – 8.0) 6.0 (6.0 – 8.0) 6.0 (5.0 – 8.0) 0.416 
Energy intake  
(kj.day-1) 8 636 (6 689 – 10 854) 8 439 (6 526 – 10 063) 8 887 (6 899 – 11 428) 
0.005 (kcal.day-1) 2 063 (1 598 – 2 593) 2 016 (1 559 – 2 404) 2 123 (1 648 – 2 730) 
Sedentary behaviour               (minutes.day-1) d 667.4 (619.4 – 725.3) 678.4 (632.8 – 734.1) 645.9 (607.5 – 713.2) 0.003 
Moderate-to-vigorous physical activity (minutes.day-1) d 51.0 (39.1 – 65.3) 45.5 (35.1 – 59.5) 56.7 (43.0 – 71.5) <0.001 
 Smoking habits e 
Current smokers 1.0% 0.9% 1.0% 
0.037 
Occasional smokers 1.7% 1.4% 2.0% Former smokers 7.8% 4.6% 11.2% Non-smokers 89.6% 93.1% 85.7% 
CRP (mg/L) 0.20 (0.11 – 0.77) 0.11 (0.11 – 0.49) 0.34 (0.11 – 1.26) <0.001 
IL-6 (ng/L) 1.90 (1.90 – 3.40) 1.90 (1.90 – 3.40) 1.90 (1.90 – 3.35) 0.561 
C3 (mg/dL) 116.0 (107.0 – 126.5) 119.0 (107.0 – 127.0) 115.0 (106.5 – 126.0) 0.888 
C4 (mg/dL) 20.0 (16.0 – 24.0) 20.0 (16.0 – 25.0) 20.0 (17.0 – 24.0) 0.561 
Overall inflammatory biomarker score f -0.55 (-1.77 – 1.41) -0.51 (-1.75 – 1.30) -0.59 (-1.84 – 1. 43) 0.844 
Abbreviations: DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 - Complement component 3, C4 - Complement component 4. 
a The data shown in percentage for categorical variables and median (interquartile range) for continuous variables. 
b P value was calculated based on Qui-squared test for categorical variables and Mann–Whitney U test for continuous variables. 
c Tanner A indicates development stages of breast in girls and genitalia (penis size and testicular volume) in boys; Tanner B indicates development stages of public hair 
distribution (Tanner B). 
d It was considered n=329 (55.9% girls), because there is some missing values in Sedentary time and Moderate-to-vigorous physical activity variables. 
e Qui-squared  test  performed  with  “Current  smokers”  and  “Occasional  smokers”  together  to  improve power of test. 
f Overall inflammatory biomarker score were designed calculating an age and gender adjusted z-score for each inflammatory biomarker (CRP, IL-6, C3 and C4) and summing 
them.      
 Table 3: Differences and correlations between inflammatory biomarkers and DII score in adolescents from 
the LabMed Physical Activity Study       DII score 
      Continuous Tertiles - inflammatory properties p b   rs p a 1st - Low 2nd - Medium 3rd - High   (< -1.34) (-1.34 to 1.41) (>1.41) 
CRP 
Continuos - 0.058 0.240         Categories Lower     58.5% 51.5% 53.7% 0.547 Higher     41.5% 48.5% 46.3% 
IL-6 
Continuos 0.107 0.031         Categories Lower     69.1% 69.2% 54.4% 0.011 Higher     30.9% 30.8% 45.6% 
C3 
Continuos 0.034 0.489         Categories Lower     45.7% 55.6% 51.0% 0.301 Higher     54.3% 44.4% 49.0% 
C4 
Continuos 0.005 0.924         Categories Lower     54.3% 56.8% 47.0% 0.203 Higher     45.7% 43.2% 53.0% 
Overall 
inflammatory 
biomarker score c 
Continuos 0.031 0.528         Categories Lower     48.9% 47.9% 38.9% 0.183 Higher     51.1% 52.1% 61.1% 
Abbreviations: DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – Interleukin-6, C3 – Complement component 3, C4 – Complement 
component 4. 
a P values and rs coefficients were based on Spearman test. 
b P values were based on Qui-square test. 
c Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) categories, wherein for each 
category was assigned one point if the biomarker was above the median adjusted by age and sex  or zero if below the median.   
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Table 4: Association between DII score tertiles and inflammatory biomarkers categories among adolescents from LabMed Physical Activity Study 
  DII score: OR (95% CI) 1st Tertile 2nd Tertile 3rd Tertile   Low Medium High Ptrend (< -1.34) (-1.34 to 1.41) (>1.41)   
CRP models        Crude 1.00 1.33 (0.80 – 2.21) 1.22 (0.72 – 2.05) 0.548    Sex-adjusted 1.00 1.35 (0.81 – 2.25) 1.26 (0.74 – 2.13) 0.512    Fully-adjusteda 1.00 1.71 (0.83 – 3.51) 2.33 (0.88 – 6.20) 0.230 
IL-6 models            Crude 1.00 1.00 (0.58 – 1.72) 1.88 (1.09 – 3.24) 0.011    Sex-adjusted 1.00 0.99 (0.57 – 1.71) 1.84 (1.06 – 3.18) 0.015    Fully-adjusteda 1.00 1.44 (0.68 – 3.08) 3.38 (1.24 – 9.20) 0.023 
C3 models            Crude 1.00 0.67 (0.41 – 1.12) 0.81 (0.48 – 1.36) 0.302    Sex-adjusted 1.00 0.67 (0.40 – 1.11) 0.80 (0.47 – 1.35) 0.296    Fully-adjusteda 1.00 0.75 (0.36 – 1.57) 1.71 (0.63 – 4.66) 0.044 
C4 models            Crude 1.00 0.90 (0.54 – 1.50) 1.34 (0.80 – 2.25) 0.204    Sex-adjusted 1.00 0.91 (0.54 – 1.50) 1.35 (0.80 – 2.27) 0.199    Fully-adjusteda 1.00 1.13 (0.57 – 2.28) 3.12 (1.21 – 8.10) 0.016 
Overall inflammatory biomarker score modelsb        Crude 1.00 1.04 (0.63 – 1.72) 1.50 (0.89 – 2.53) 0.184    Sex-adjusted 1.00 1.04 (0.63 – 1.73) 1.51 (0.89 – 2.55) 0.188    Fully-adjusteda 1.00 1.75 (0.84 – 3.66) 5.61 (2.00 – 15.78) 0.002 
Abbreviations: OR – odds ratio, CI – confidence interval, DII – Dietary inflammatory index, CRP – C-reactive protein, IL-6 – 
Interleukin-6, C3 – Complement component 3, C4 – Complement component 4. 
a All fully adjusted model were adjusted for Sex, Age, Pubertal stage – Tanner A and B, Body mass index, Energy intake, Socio-
economic status, Sedentary behaviour, Moderate-to-vigorous physical activity, and Smoking habits. There are some missing 
values in Sedentary time and Moderate-to-vigorous physical activity variables, so this models is based in n=329 (55.9% girls). 
b Overall inflammatory biomarker score were designed summing the inflammatory biomarkers (CRP, IL-6, C3 and C4) 
categories, wherein for each category was assigned one point if the biomarker was above the median adjusted by age and sex  
or zero if below the median.  
!
  
8. General discussion  
!
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The main findings of this thesis suggest that nutrients, foods, and dietary patterns may influence low-grade inflammation in adolescents, particularly: high intake of SFA, which acted as a pro-inflammatory factor high consumption of n-3 PUFA, namely ALA and EPA+DHA, vegetable soup at least twice a day, adherence to the 5-a-day recommendation, and eating a high variety of vegetables, all of which acted as anti-inflammatory factors. In addition, a high-inflammatory dietary pattern in adolescents increased the probability of low-grade inflammation in adolescents. These results were independent of sex, age, physical activity (moderate-to-vigorous and sedentary time), body mass index, pubertal development, socioeconomic status, smoking habits, and total energy intake. To the best of our knowledge, no prior study has specifically analyzed n-3 and n-6 PUFA, such as AA, LA, ALA, EPA, and DHA, as predictors of low-grade inflammation in apparently healthy adolescents. Furthermore, no previous publication has specifically reported any association between low-grade inflammation and fruit and vegetable intake based on adherence to the 5-a-day recommendation. In addition, no authors have yet described a relationship between vegetable variety and low-grade inflammation in adolescents. Finally, this is the first study exploring associations between the DII score and inflammatory biomarkers in adolescents. Taken together, these results emphasize the importance of a prudent dietary pattern,(344) which is a balanced diet characterized by high consumption of vegetables, legumes, whole-grain cereal, fish, fruit, and nuts; and which may provide significant sources of fiber, minerals, vitamins, flavonoids, other antioxidants, and PUFA, and minimal amount of SFA. In paper I, we showed that a SFA daily intake higher than 11.1% of total energy intake doubled the odds of having a higher level of IL-6 and a higher overall inflammatory biomarkers score. No associations were found for CRP, C3, or C4. In accordance with our findings, Arya et al.(201) found no association between SFA and CRP. Aeberli et al.(166) did not find an association between SFA and IL-6, but did for CRP, in children and adolescents, conflicting with our findings. When considering serum lipids, Kalogeropoulos et al.,(345) in accordance with our 
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findings, reported that IL-6 had a positive correlation with concentration of plasma SFA in healthy adults; however, Wang et al.,(202) in conflict with our findings, found that IL-6 had a negative relationship with serum levels of some SFA, such as pentadecanoic and heptadecanoic acids, in adolescents. We have also suggested in paper I that ALA and EPA+DHA daily consumption of 0.50% and 0.22% of total energy intake or more, respectively, significantly reduced (by half) the odds of having a higher overall inflammatory biomarker score, although no association has been found for the inflammatory biomarkers individually. In contrast, Aeberli et al.(166) reported a positive relationship between PUFA and CRP in children and adolescents. However, these results are difficult to interpret without considering n-3 and n-6 separately, since n-6 PUFA can increase inflammation and are partly inhibited by n-3 PUFA.(205) Data from adult-based studies showed that dietary intakes of ALA,(346) EPA and DHA(347, 348) were inversely associated with CRP levels. Our study agreed with literature findings regarding the protective role of fruit and vegetable intake on low-grade inflammation,(69) highlighting the public health message—known worldwide as the 5-a-day recommendation—which encourages individuals to consume five or more daily servings of fruits and vegetables. Although no relationship was demonstrated when fruits and vegetables were treated individually, our paper II showed that adherence to the 5-a-day was strongly and inversely associated with low-grade inflammation, being associated with four in five inflammation measures: namely CRP, IL-6, C4, and the overall inflammatory biomarker score. Our results aligned with Holt et al.(214) which also showed an inverse association between fruit and vegetable intake and CRP and IL-6 in adolescents. The novelty of our data also includes the fact that no previous study has demonstrated a relationship between the consumption of fruits and vegetables and C4 or a score of inflammation. Furthermore, our paper II also identified that daily consumption of less than 2 portions of vegetable soup increased by about 13 times the likelihood of having higher IL-6. To our knowledge, no other observational study found a relationship between vegetable soup and IL-6. However, one experimental study(349) found a relationship between vegetable soup and CRP, but two observational(250, 252) 
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studies did not. This finding has particular importance for Portuguese individuals because vegetable soup, together with lettuce and tomato, represents almost 50% of the weekly mean consumption of vegetables in adults.(350) These results gives new reason to maintain and increase this habit, in order to improve nutritional intake and counteract low-grade inflammation, especially in adolescents, since their frequency of vegetable soup consumption may be considered low in the present study as also described by other authors.(94) In addition, in our paper III, ours results indicated that a high variety of vegetable intake is inversely associated with CRP, independent of vegetable quantity consumed. According to our knowledge, no previous study found an association between vegetable variety and low-grade inflammation, but Bhupathiraju and Tucker found an association between low fruit and vegetable variety and high level of CRP.(243)  In this context, adolescents who adhere to the 5-a-day recommendation, consume vegetable soup at least twice a day, or eat a wide variety of vegetables may correspondingly consume more relevant nutrients to prevent a low-grade inflammation state, compared to adolescents who do not follow this diet. In fact, dietary fiber,(66, 207) antioxidant vitamins, carotenoids,(299) and flavonoid-rich foods(218) have been identified as having an anti-inflammatory effect; authors showed that dietary fiber,(213) vitamin A,(215, 223) vitamin C,(166, 214) vitamin E,(166, 223) β-carotene,(166, 214) flavonoid,(214) selenium,(223) and magnesium(232-234) were inversely associated with low-grade inflammation in children(166, 215, 234) and adolescents.(166, 214, 223, 232-234) Furthermore, a diet characterized by a wide variety of vegetables may favor reduced exposure to any undesirable, harmful components,(351) and helps individuals to consume a larger number of nutrients and bio-active components,(81, 352) (219) which may exert a synergistic effect and further reduce inflammation.(353) According to papers II and III, we found an association between low-grade inflammation, namely CRP, and variety of vegetable intake, but we did not find the same association with vegetable quantity intake. The association between the quantity of vegetables consumed and CRP in a cross-sectional analysis seems to be controversial; on one hand, some researchers(244, 246, 250, 251) reported this 
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relationship for adults,(246, 250, 251) children and adolescents;(244) on the other hand, other researchers(214, 245, 247) did not for adults(245, 247) nor adolescents.(214) However, in a cross-sectional study of adults,(243) Bhupathiraju and Tucker found that fruit and vegetable variety (in a single variable) appears to be important in CRP.  The limitation of detecting the effect of a single component in healthy outcomes is recognized. However, the cumulative effects of multiple components included in a dietary pattern may be sufficiently large to be detectable. In addition, dietary patterns consider synergistic or antagonistic interactions among food components that nutrients or foods may not measure properly.(274) In accordance, we showed in paper IV that DII score strongly predicted low-grade inflammation, being associated with 3 of the 5 inflammation measures. Adolescents whose diets showed low- or medium-inflammatory properties had a lower prevalence of higher IL-6, C4 and the overall inflammatory biomarker score. These findings are in accordance with other authors showing a relationship between DII score and IL-6 and an inflammatory biomarker score.(301, 303) Our study innovates in showing the association between DII and C4. Dietary fiber, phytochemicals such as flavonoids and carotenoids, vitamins such as A, C, and E, minerals such as magnesium and zinc, and n-3 PUFAs are the food components that most contribute to a lower DII score (an anti-inflammatory dietary pattern), while total fat, SFA, and TFA are nutrients that most contribute to a higher DII score (a pro-inflammatory dietary pattern).(299) Although the DII score is a literature-based tool developed based on the role of diet in inflammatory biomarkers,(298, 299) it effectively captures the concept of a prudent diet(344) to prevent inflammation. In fact, diets based on Mediterranean and macrobiotic dietary styles produced strong anti-inflammatory DII scores, while fast food dietary styles produced a strong pro-inflammatory DII score.(325) Another consideration in our study is the finding that the relationships between dietary and nutritional intakes and the overall inflammatory biomarker score was stronger than any single biomarker in showing a link between fatty-acid intakes, the adherence to the 5-a-day recommendation, and the DII score
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inflammatory biomarkers in general are considered non-specific pro-inflammatory response markers in healthy people, and	   the	   biomarkers’	  signatures that best represent low-grade inflammation are yet to be fully understood.(70) Thus, the overall inflammatory biomarker score was shown to be a more complex and integrated assessment of low-grade inflammation than just an inflammatory biomarker alone. This score considers who is above the median adjusted for age and sex, taking into account the effects of all inflammatory biomarkers—including those that were shown to have a relationship with dietary and nutritional intake and those that were not—and seems to better represent low-grade inflammation in this group of adolescents.  The difficulty to study the relationship between dietary and nutritional intakes and inflammatory biomarkers in healthy young populations was previously recognized.(10) Thus, this overall inflammatory biomarker score may add more one possibility to overcome the limitation. Other authors have used other inflammatory scores, with different biomarker combinations, to measure low-grade inflammation. In a longitudinal study of adults, van Bussel et al.(242) found that some healthy diet parameters were associated with less low-grade inflammation; Tabung et al.(303) and van Woudenbergh et al.(301) found the DII score was positively associated with low-grade inflammation in adults. To the best of our knowledge, no other prior study has shown a relationship between specifics fatty-acid intake or the adherence to the 5-a-day recommendation and an inflammatory score. Following the overall inflammatory biomarker score, IL-6 was the inflammatory biomarker most associated with nutritional and dietary intake—namely with SFA, the 5-a-day recommendation, vegetable soup, and the DII score. IL-6 is an important factor for acute phase-protein hepatic synthesis(100) such as CRP, C3 and C4; therefore, it can be argued that in a young and healthy population, increase of IL-6 can be the first manifestation of low-grade inflammation. In addition, the inclusion of C3 and C4 in this study was an innovation. C4 shows to be sensitive to dietary and nutritional variables, in particular to the 5-a-day recommendation and to DII score, and it was a novelty for the studies regarding 
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the relationship between dietary and nutritional intake and low-grade inflammation. The strength of this study, beyond the novelty of our aims, includes the use of objective physical activity measurements (moderate-to-vigorous and sedentary time) as covariates, since physical activity is an important inductor of an anti-inflammatory environment,(174) and sedentary time is a risk factor for cardiovascular health.(172) In addition, we only used the accurate food-frequency 
questionnaires,	   according	   to	   Goldberg’s	   method,(333) to reduce the bias of misreporting. Moreover, we included important biological and lifestyle variables such as age,(104, 105) body mass index,(19-21) sex,(181) smoking,(173) and socioeconomic status(54-56) considered important modifiers of inflammatory biomarkers concentration.(70, 100)  Other strengths of our study are the evaluation of the C3 and C4 biomarkers—the roles of which in the relationship between diet and inflammation are still not well known—and the use of a set of inflammatory biomarkers (rather than just one), as well as the calculation of an inflammatory biomarker score, a more complex and integrated assessment of low-grade inflammation. This approach seems to be sensible to others authors(242, 301, 303, 326) studying the relationship between low-grade inflammation and some aspects of dietary and nutritional intake. Considering that inflammatory biomarkers, in general and in healthy people, are nonspecific pro-inflammatory response markers,(70) our score attempted to combine the effects of all inflammatory biomarkers analyzed. Furthermore, studying the associations between dietary intake and inflammatory biomarkers in a healthy young population is considered a challenge,(10) so this inflammatory score makes it easier to overcome this difficulty.  This study has some limitations that should be acknowledged. First, in regard to our instrument to measure dietary and nutritional intake, we used a food-frequency questionnaire that may overestimate the food intake.(353) To overcome this limitation, we excluded 150 participants who were considered misreports based on the Goldberg method(333). In addition, this questionnaire combines several fruits and vegetables into single items; thus, the variety may have been 
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underestimated. Furthermore, several studies used food-frequency questionnaires to measure variety of fruit and vegetable variety,(243, 354-356) which may be a positive factor for comparison studies. Conversely, the food-frequency questionnaire is a good instrument to rank subjects by their level of consumption,(357) so we divided responses into three categories of dietary and nutritional variables by using tertile cut-offs, such as fatty acids consumption, intake of fruit variety and vegetable variety, and DII score, or by using the 5-a-day recommendation cut-offs for consumption of fruits and vegetables.  Second, the variety intake has been correlated with increased quantity intake,(358) and this can be another limitation when studying fruit and vegetable variety. However, in the fully adjusted models (model adjusted 3), we included intake information, and found that the results changed for overall inflammatory biomarker score model.  Third, we calculated the DII score using only 31 out of a possible 45 food parameters, because only 31 components were present in our database. Thus, the DII score in our sample has a lower range (-5.36 to 4.02) than the original possible ranges (-8.87 to 7.98),(299) but a similar score range was reached by a validation study of DII score.(302) Finally, because of the lack of established cut-off points for inflammatory biomarkers for adolescents,(10) we used sex-age-adjusted median values to create two categories of inflammatory biomarkers. It was important to identify subjects with higher inflammatory biomarker level, since the increase of inflammatory biomarkers in low-grade inflammation may be very low or even absent,(100) as well as to ensure an adequate statistical power (in our study was always high than 0.80), since it is a difficulty recognized when examining the relationship between dietary intakes and inflammatory biomarkers in healthy populations.(359) This methodology allowed us to ranks the sample and classify it according to lowest and highest inflammatory state. Nevertheless, our cut-off points for IL-6 (1.9ng/L for most age/sex groups, but varying from 1.9 to 6.95ng/L) are very similar to the ones reported in the Asklepios Study (1.6ng/L),(360) and the authors found an association with the DII score. In addition, our cut-off points for CRP (varying from 0.11 to 0.79mg/dL) are close 
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to the ones reported by Visser et al. (0.22mg/dL),(21) which showed a positive association between low-grade inflammation and higher weight in children and adolescents.   
  
9. Conclusions 
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Major conclusions of these studies were: 
 Fatty-acids intake is related to a low-grade inflammation state in adolescents; SFA was positively associated with IL-6 and the overall inflammatory biomarkers score, and ALA and EPA+DHA were inversely associated with the overall inflammatory biomarkers score, independent of biological and lifestyle variables like body mass index, age, gender, pubertal stage, physical activity, sedentary time, socioeconomic status, and smoking habits. The other dietary fatty acids studied (MUFA, AA, LA, and TFA) were not predictive of low-grade inflammation; 
 Vegetable soup intake was inversely associated with IL-6 after adjustments for several biological and lifestyle confounders. Fruit or vegetable intakes, considered individually, were not associated with any inflammatory biomarker or overall inflammatory biomarker score. Five or more portions of fruit and vegetable per day (the adherence to the 5-a-day recommendation), when compared with less than one portions per day, were inversely associated with CRP, IL-6, C4 and the overall inflammatory biomarker score after adjustments for biological and lifestyle characteristics; 
 Vegetable variety intake, independent of vegetable quantity intake, was inversely associated with CRP after adjustments for several biological and lifestyle confounders. Variety related to fruit intake remained unclear;  
 DII score was associated with IL-6, C4, and the overall inflammatory biomarker score after adjustments for biological and lifestyle characteristics. DII score was not associated with CRP and C3 in adolescents.  Taken together, in order to prevent a low-grade inflammation state in adolescents, these findings support 1) a high intake of n-3 PUFA, that is, ALA and EPA+DHA, and a low consumption of SFA; 2) the consumption of vegetable soup twice a day; 3) adherence to the 5-a-day recommendation; and 4) the guideline for choosing a wide variety of vegetables. In addition, DII score can be useful to 
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assess	   the	   diet’s	   inflammatory	   properties	   and	   its	   association	   with	   low-grade inflammation in adolescents. Future studies about the relationship between low-grade inflammation and other nutrients, foods, and dietary pattern — such as carbohydrate intake or 
“fast-food”	   consumption	   and	   Mediterranean	   diet	   — in adolescents could be interesting. In addition, DII score could be future studied in its relations regarding to inflammatory biomarkers and with disease risk factors in adolescents, using longitudinal designs. Furthermore, intervention studies to increase the consumption of ALA, EPA and DHA, to decrease the intake of SFA, promoting the adherence to 5-a-day recommendation, and stimulating vegetable soup twice a day may be conducted in adolescents.  
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